Dissociation constants in water at high temperatures. by Alexander, Roger David.
DISSOCIATION CONSTANTS IN WATER AT HIGH TEMPERATURES:
A Thesis presented for the degree of 
Doctor of Philosophy 
in the University of Surrey 
by
Roger David Alexander
Cecil Davies Laboratory 
Department of Chemistry 
University of Surrey 
Guildford
Surrey March, 1976
ProQuest Number: 10797571
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10797571
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
ABSTRACT
The design and operation are described of an optical cell and
supporting apparatus capable of making precise absorbance measurements
of dilute aqueous solutions over the temperature range 25 - 250°C
and at pressures up to 1 kbar. The design and operation are
similarly described of a multiple optical cell and supporting
apparatus capable of making precise absorbance measurements on up to
six experimental solutions in one heating cycle over the temperature
range 25 - 200°G and at the approximate saturation vapour pressure
of the solutions. Both optical cells employed teflon inner cells to
isolate corrosive experimental solutions from the main construction
material. Results obtained with both cells indicated that a precision 
+ /
of better than - 1% in absorbance is obtainable over the temperature 
range.
Using this apparatus, and conventional spectrophotometric
techniques, the acid dissociation constants (K ) of the
a
1,10-phenanthrolium ion, 5-nitro-l,10-phenanthrolium ion,
2 ,9-dimethyl-l,10-phenanthrolium ion and 5 *6-dimethyl-l,10-
phenanthrolium ion in aqueous solution have been determined with
good precision at various temperatures between 25 and 250°C. The
temperature dependence of the pK for each phenanthrolium ion has
a
been described by the equation .
pK ' ■» A/T - B + CT 
a
where A, B and C are constants for the particular phenanthrolium
ion over the experimental temperature range and T is the absolute
temperature. The changes in the thermodynamic functions (enthalpy,
entropy, free energy and heat capacity) for the dissociation of the
phenanthrolium ions at each experimental temperature have been
calculated from the temperature dependence of pK . The increasing
.si
dissociation of all four phenanthrolium ions with increasing 
temperature has been discussed in terms of the relative degrees of 
hydration of the hydronium ion (H^0+) and the phenanthrolium ions.
The overall stability constants (p^) of the tris complexes of
1 ,10-phenanthroline, 5-nitro-l,10-phenanthroline and 2,2'-bipyridyl 
with iron(II) have been determined with good precision at various 
temperatures between 25 and l60°C by a new spectrophotometric method. 
The value of fo r all three complexes decreases regularly with 
increasing temperature as expected. Plots of log 8_ against l/T 
have been used to determine average values of the thermodynamic 
functions (enthalpy and entropy) of formation over the experimental 
temperature range.
The spectrophotometric methods developed for the determination 
of equilibrium constants were particularly suitable for measurements 
at elevated temperatures since separate measurements of pH were not 
required.
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SECTION 1
INTRODUCTION
In recent years there has been an upsurge of interest in the 
properties of water and aqueous solutions at high temperatures.
The impetus for such studies is broad, and there is a range of 
interests extending from geological simulation and mining at one 
extreme to theoretical models of solutions at the other.
Application of a knowledge of the properties of high temperature 
aqueous electrolyte solutions has aided the explanation of hydrothermal 
formation of minerals botn within the earth’s crust and in simulated
1 2
studies performed in the laboratory ’ and the ability to explain
the natural deposition and transport of minerals, or other substances,
aids considerably in predicting the location of particular mineral
deposits of econornic■value. Knowledge of the temperature and
concentration limits for avoiding scale formation by calcium
sulphate, and the thermodynamic properties of salt solutions of
a composition relevant to sea water or brackish water are essential
in the design and operation of distillation plants for purifying 
3 If 5
water. ’ 1 Interest in high temperature aqueous solutions is 
stimulated by the commercial possibilities of producing large
6
single crystals of a number of substances by hydrothermal synthesis 
and there is continually increasing interest in high temperature 
(ca. 200-350°C), high pressure (ca. 20-150 bar) subterranean 
water solutions as a source for steam to operate electrical 
power turbines.
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Knowledge of the pressure-volume-temperature composition- 
solubility relationships for a particular subterranean water is 
essential for efficient design and operation of a geothermal
7 8power plant. The studies of Ellis and Mahon 1 on geothermal
waters are directed both towards the actual composition and the
pressure-temperature-sclubility relationships of these waters
and towards the more highly fundamental aspects of such systems.
Interest is also stimulated by the long-range considerations of
homogeneous nuclear reactors. The behaviour of uranium compounds
in conjunction with other aqueous solution components is of vital
■ ■ 9 10
interest at elevated temperatures 1 and the more general problems
of corrosion in the water circuit of modern boiler units in
electricity generating stations provides the impetus for numerous
11
studies of high temperature aqueous solutions. The high
temperature aqueous solution chemistry of 1,10-phenanthroline and
related compounds is important because of their potential use as
completing agents to inhibit corrosion in systems such as high
12temperature boilers. In addition, there is widespread interest
13in the fundamental properties of high temperature aqueous solutions 
and thermodynamic data at high temperatures is limited in most 
cases to relatively simple salt solutions. The aim of the present 
study was to obtain basic information on the behaviour of .1,10- 
phenanthroline, related ligands, and their complexes with iron(11) 
in aqueous solution at high temperature.
The early studies of aqueous solution behaviour originated 
predominantly from the laboratories of geochemists and geophysicists.
■- 3 -
'•Lt* ■'Among the first exploratory studies were those of Andrews in
15
1869 on liquid-vapour critical phenomena, of Hannay and Hoggarth 
m  1879-1880 on the solubility of salts in both subcntical and 
supercritical fluids, and of Sack‘d  and others on exploratory 
high temperature electrical conductances of aqueous electrolyte
17
solutions. Just after this period, Noyes and associates carried 
out pioneering work aimed at acquiring fundamental knowledge of 
the ionization behaviour of numerous aqueous electrolytes and 
successfully measured the electrical conductances of many aqueous 
electrolytes to 306°C. Comprehensive investigations were performed 
by Fogo, Benson and Copeland in 1953 J-n their conductance studies 
of NaCl, CsCl and HC1 at 350-^00°^ at pressures to 500 bar^ and
by E. U. Franck in 195^-56 in his conductance studies of 1-1
o no
electrolytes to 750 0 and 2500 bar. The earlier studies of Franck
have provided a large portion of the motivation to expand investigations
of aqueous systems into the directions of high temperature and pressure.
Franck's cunductance studies were followed in the early 1960s by
8 20those of A. J. Ellis ’ in New Zealand and of N . I. Khitarov,
B. N. Ryzhenko et al.^  in Russia at temperatures up to 300°C and
pressures near saturation. The comprehensive high temperature
22electrical conductance programme in the U.S.A. at Oak Ridge was 
an outgrowth of Franck's original conductance studies and solubility
studies in aqueous media above 100°C have also expanded considerably
22 22 23during the past twenty years. Numerous reviews 1 have been
written on high temperature-high pressure investigations and the
above brief summary mentions only a few outstanding contributions.
- k -
The two most common experimental approaches are electrical 
conductance measurements and solubility investigations. In 
recent years there have been a number of spectrophotometric 
investigations of dissociation equilibria over a limited
2ktemperature range. Bolton et al. used a spectrophotometric
technique to determine the thermodynamic functions of ionization
o 25of jD-halogenophenols from 5-60 C and Ellis and Milestone determined
the ionization constants of hydrogen sulphide to 90°C from
spectrophotometric measurements. Qualitative measurements of
the spectra of transition metal chloride complexes over a wide
range of temperatures and pressures have been made by Ludemann
26 27et al. and a recent paper reports the stability constant of
the toluene-iodine charge transfer complex in n-hexane to 60°C.
■ 28 ■ ■ 'Giggenbach used a spectrophotometric technique to study equilibria
and kinetics involving polysulphide ions in aqueous solution up to
o 292*f0 C while Dobson has used spectrophotometry to determine the
approximate ionization constants of 4-chloro-2 ,6-dinitrophenol to
200°C. A number of other recent determinations of dissociation
constants over a wide temperature range include a conductimetric
determination^ of the dissociation constants of 2 ,*t- and 2 ,6-
o 31dinitrophenols tp 90 C and a calorimetric investigation of the
thermodynamics of dissociation of the ammonium ion from 5-1^5°0
The importance of an understanding of the thermodynamics of high 
temperature aqueous systems has stimulated the development of a 
number of computational techniques whicn allow the evaluation of
- 5 -
high temperature data now available and the prediction of high temper­
ature thermodynamic functions from data at ambient temperatures.
23 32Helgeson and associates are estimating activity coefficients
and thermodynamic functions of concentrated multi-component systems
3 3  3/f
of particular geothermal interest and Cobble and co-workers 
have published a series of papers on the calculation of thermodynamic 
functions of ions at high temperatures. The general principles of 
thermodynamics that are applicable to processes in solution have 
been developed in a variety of texts and only a summary of the 
useful thermodynamic equations is given below.
The Gibbs free energy (AG) (relevant to systems maintained at 
constant pressure) is related to the enthalpy (AH) and entropy (AS)
'by /
AG° = AH° - TAS° (1.1)
where the superscript zero indicates that the thermodynamic function 
applies to species in some appropriate standard state and T is the 
temperature in °K. The standard free energy change associated with 
a reaction is related to the equilibrium constant, K, for the 
reaction by
AG° = -RT InK (1.2)
where R is the universal gas constant. Numerical values of both 
AG° and K depend on the choice of standard states and the associated
- 6 -
choice of how concentrations are to be expressed.
The variation Of the equilibrium constant with absolute 
temperature is given by the van't Hoff equation: i
(^lnK/^T)p = AHVRT2 (1.3)
The variation of the enthalpy of reaction is given by the 
Kirchoff equation:
(^AH°/^T) = AC0 (l.*f)
P P
where AC° is the change in heat capacity at constant pressure.
Thus, if one has values for the equilibrium constant at a 
series of temperatures, successive differentiations can yield 
values for both AH° and AC°. Further use of equations (1.1) and 
(1.2) permits evaluation of both AG° and AS0. Conversely, if one 
has numerical values for K and AH° at one temperature and for AC0 
over the temperature range of interest, it is possible to calculate 
values of K, AG°, AH° and AS0 over this same temperature range.
A simple and common use of equation (1.3) involves integration 
for the special case where.AH0 is:taken to be independent of 
temperature, leading to
InK = -AH°/RT + constant (1.5)
- 7  -
For a large number of reactions of interest AC / 0 and
P
AH° consequently depends on temperature. Thus equation (1.5) is 
an approximation that often yields AH° and AS0 values of unsatis­
factory accuracy.
The usual means of allowing for the temperature dependence 
of AH° has been to express AC° as some function of temperature so 
that equation (1.4) can be integrated to yield an expression for 
AH0 as a related function of temperature. Then this expression 
permits integration of equation (1.5) to obtain the desired equation 
for InK as a function of temperature. It is possible to use experimental 
values of K at several temperatures with this final equation to fix 
the values of the parameters in the original expression of AC° as a 
function of temperature. These values then permit calculation of the 
desired AH°, AS0 and AC0 over the range of temperature covered by the 
K values. In making some of these calculations it is often convenient 
to use the equation for the temperature dependence of the entropy 
change, which is
( >AS°/^T) = AC°/T (1.6)
' p p
The difficulties and uncertainties associated with these
calculations are partly derived from the experimental errors in the
K values and partly from the calculator's choice of function to
represent the dependence of AC0 on temperature. It is the latter
32-34problem that the work by Helgeson and Cobble has sought to
overcome. Detailed attention to both problems has been given by
35 36 37King and Ives and Marsden'. Clarke and Glew have recently
developed another method for evaluation of thermodynamic functions
from equilibrium constants involving expression of AC° as a Taylor's
series expansion around a reference temperature.
Much of the recent interest in the thermodynamics of reactions 
in solution has been concerned with the interaction of the solvent 
with the reactants and products. The participation of the solvent 
is especially important in reactions involving ions because the very 
existence of. ions in solution is intimately connected with powerful
70
interactions between ions and solvent molecules. Recent discussions
suggest that for ionization reactions, solute-solvent interactions
that are often the most important factor in determining AS° values,
must also be considered in the interpretation of AH° values. That is,
AH° values should be interpreted in terms of both "internal" energies
and solute-solvent interactions. A number of early workers including 
39 ifO
Baughan and Gurney suggested that the thermodynamics of ionization 
(specifically acid-base reactions) could be considered in terms of 
"external" and "internal" contributions where the "internal" part of 
a thermodynamic function is that intrinsic to the molecules and ions 
involved and the "external" part of a thermodynamic function results 
from the interaction of the molecules and ions with the solvent.
Ives and Marsden^ make a division of AH° and AS0 for ionization 
in a similar way but use the terms "reaction" and "hydration" 
corresponding with the "internal" and "external" contributions used
- 9 -
35 39 40- iflby a number of other workers, ’ ’ ’ Thus we may write for
an ionization reaction
AH0 = AH? . + AH° . (1.7)m t  ext
AS0 = AS? . + AS0 ' • (1.8)m t  ext
AG° = AG? . + AG° . (1.9)m t  ext
It is well understood that there is a natural tendency for AH
and TAS terms, which contribute variously to AG over a range of
reactions, to contain contributions which are of the same sign.
Thus the satisfaction of attractive forces imposes constraints
(AH and AS both negative) and release from constraints confers
greater freedom (AH and AS both positive). For a large number of
associated reactions it is found that the effect of alkyl substitution
on, say, the ionization constants of a series of fatty acids, is to
produce changes in AH and TAS which are almost exactly self cancelling 
35 36 k2in AG. 1 The relationship between AH and TAS is an example of
the so-called "Compensation Law". A linear relationship between
AH and AS is very common, both in relation to equilibria and to
enthalpies and entropies of activation. More often than not it is
the basis of the linear free energy relationships, such as proposed 
ifif : if 5
by Hammett and extended by Taft and others.
- 10 -
■56
For ionization reactions, Ives and Marsden have suggested 
that the external or environmental contributions of AH and AS make 
a major contribution to AH and AS of the total reaction. In contrast, 
the contribution of the external or environmental part of AG to the 
total AG of reaction is often zero or very much smaller than AG 
internal. If AG^^ is small, then the corresponding AH^^. and ASgxt 
terms must satisfy A H ^ ^ ^  TAS^^. It is this, together with the 
natural linking between AH and AS mentioned above, which is believed 
to be the main reason why, for reactions in solution (water or other 
polar solvent), AH is so often found, for a set of allied reactions, 
to be an approximately linear function of AS. In other words, the 
compensation law is believed to have its main application to a set 
of reactions which differ from each other principally in the extent 
of the solvational changes which accompany them.
The observed relation between log K for various dissociation
reactions and the reciprocal of the dielectric constant at 25°C is
35 k7often (but not always) linear. 1 The macroscopic dielectric
constant of the solvent is often employed to fit these data with the
35 35 k9Born ’ or Bjerrum 1 equations which, although based on a simple
electrostatic model for ion-solvent interactions, often works
surprisingly well for qualitative predictions of trends associated
with changes in the dielectric constant of the solvent. The general
■ - . '■ . Zf6
form of the Born Or Bjerrum equations may be represented by
AG° = B + A/D e
(1.10)
- 11 -
where A and B are constants, D is the macroscopic dielectric constant 
of the solvent and AG° is the electrostatic or external part of AG0..
The dielectric constant can be varied either by changing the solvent 
at a fixed temperature or by changing the temperature while keeping 
the same solvent, but in general equal changes in the dielectric 
constant by the two methods produce different changes in the equilibrium 
constant. The simplest point of view is to assume that the internal 
part of the free energy change is independent of temperature and that 
the environmental, or external, part is given by equation (1.10).
Hence, over a variable temperature range we might expect a linear 
relationship between TpK and l/D. This simple electrostatic theory 
often gives results in gross disagreement with experiment, but can 
nevertheless often provide information of at least qualitative 
importance. ;
The technique chosen to examine dissociation, reactions at high 
temperatures was spectrophotometry. The reasons for this choice, and 
the development of apparatus required for making absorbance measurements 
at high temperature, is given in Section 2. In Section J> the acid 
dissociation constants of the 1 ,10-phenanthrolium ion and some sub­
stituted phenanthrolium ions at temperatures up to 250°C are described. 
These compounds were chosen both for their possible application as 
corrosion inhibitors in systems such as high temperature boilers and 
also because it was felt that the thermodynamics of an isoelectric 
reaction such as the dissociation of a monoprotonated base would be 
easier to interpret in terms of solvent-solute interactions at high
- 12 -
temperatures. Section k describes the overall formation constants 
of the iron(II) complexes of 1,10-phenanthroline and some related 
ligands at temperatures up to 160°C, and in Section 5 the computer 
programs written to carry out the calculation of the various 
equilibrium constants are listed.
SECTION 2
DEVELOPMENT OF APPARATUS FOR PRECISE MEASUREMENT OF 
' ABSORBANCE OF SOLUTIONS AT HIGH TEMPERATURES •
-  13 -
2.1 Introduction
A number of techniques of measurement appear to be suitable for
the study of solution equilibria at high temperatures and pressures*
Each technique has advantages and disadvantages and there is no
obvious best choice. Perhaps the most widely used technique to date
for the study of aqueous systems under extreme conditions has been
50conductimetry. Ellis and Fyfe in 1957 presented a review of 
hydrothermal chemistry that covered, among other things, the 
behaviour of water at high temperatures and pressures, solubility 
relations, high temperature conductance measurements and supercritical 
vapour solutions. Numerous other reviews ^ have been published on 
high temperature-high pressure investigations and have been mentioned 
in Section 1. •
Franck and co-workers'^ used a radical cell design with the
pressure cell having a platinum-iridium liner that was platinized
and served as one electrode. The conductance of 0.01 M potassium
chloride solution at 800°C and pressures up to 4 kbar showed good
reproducibility between stepwise ascending and descending pressure 
' 52cycles. Quist et al. utilized the Franck cell to study potassium
sulphate solutions over the range of 25-800°C and up to 400 bar.
The precision of the smoothed values of specific conductance was
judged to be - 1-2^ at the higher concentrations and densities.
53 •
Lown et al. used a conductimetric technique to determine the acid 
dissociation constant for acetic acid in water to 3 kbar and 225°C.
- 14 -
Indeed, in the study of simple aqueous equilibria at high temperatures 
and pressures this technique stands out.
•However, for investigations of more complex equilibria a number
of other techniques appear more suitable. For the determination of
acidity constants at ambient temperatures, the potentiometric
titration method is by for the most convenient. At elevated
temperatures and pressures, however, the practical problems of
maintaining and calibrating the glass electrode are formidable. In
addition, the use of the technique for metal complex systems requires
'55the development of specialized electrodes which suffer the same 
disadvantages as the glass electrode at high temperatures and pressures.
A number of other experimental techniques (such as nuclear magnetic 
resonance measurements, distribution measurements, solubility, etc.) 
have been used in the study of aqueous equilibria and have proved 
useful for specific systems. However, they are all of rather limited 
applicability and present problems of apparatus and experimental 
design and interpretation of results when extended to measurements 
at high temperatures and pressures.
The technique which has found extensive use for investigating
56—59
a wide range of both simple and complex equilibria is spectrophotometry.
This technique differs from, and has the advantage over, potentiometry 
in that a property of one or more of the reactants or products can 
be directly measured. For specifically chosen systems direct 
interpretation of absorbance measurements in terms of equilibrium
-15 -
59constants is possible and reasonably precise results can be 
expected even for low concentrations of dissolved species and 
very small equilibrium constants. 60 ’ 192 Absorbance measurements 
do not disturb the system under study and do not require measuring 
apparatus in the sample space and one possibility of error (perhaps 
as the initiation of a redox reaction) is ruled out. Against this 
is the necessity of providing the apparatus with windows and allowing 
light to pass through: many window materials are quite susceptible
to corrosion and some species (salicylic acid species for example60’192) 
are photosensitive.
Allied to the wide applicability of the spectrophotometric
technique to the study of many chemical systems is the adaptability
of the technique for extreme conditions. The construction of optical
cells for use at high temperatures and pressures is well understood.
Poulter6 1 ’62 in 1950 discussed the construction and materials
suitable for optical apparatus at high pressures and reported the
development of a window mounting based on the unsupported area
principle which extended the range of pressures available for optical
• 63studies from k to J>0 kbar. Fishman and Drickamer used a cell with 
sapphire windows for optical and spectroscopic work in the wavelength 
range 0 .2-5 -0 microns and pressures up to 12 kbar at room temperature.
' 6k 'Waggener and Tripp developed a window seal assembly using 
spring loaded teflon seals which provided reliable containment of
- 16 -
liquids during repeated temperature and pressure cycling. Using
• this type of window seal assembly in a rather complex cell,
65
Waggnener obtained the first quantitative measurements of a 
liquid phase at high temperatures and pressures in a study of the 
reversible reduction of neptunium(Vl) to neptunium(V) in a DNO^/D^O 
mixture at temperatures up to 250°C and pressures up to 70 bar.
Gill and Rummel^ developed an internal cell made of teflon with 
sapphire windows which could be filled and then placed inside a 
pressure bomb. Pressure was generated by oil pumped into an annular
. C.n
space surrounding the cell. Peters and Byerley designed and built
a one piece optical cell using an age-hardened titanium alloy for
the body and sapphire windows. The cell was used to 200°C and
ca. 2.8 kbar and fitted directly into the cell compartment of a
68 ■Beckman DK-2 ratio-recording spectrophotometer. Luck successfully 
studied water up to the critical point (218 bar and 375°G) using a 
cell similar to that of Waggener. James and Smith measured the 
absorption spectrum of liquid systems at elevated temperatures and 
pressures using a vessel pressurized with gas. The liquid sample 
was contained in a standard 1cm absorption cell with a wide neck and
the whole assembly placed inside a pressure bomb. In 19&7 Griffiths
70
et al. described a cell,with variable path length for use up to 
3G0°C and pressures up to ca. 700 bar. LUdemann and Franck^ used
a double cell under hydraulic pressure to measure the absorption
o ' 72spectra of aqueous solutions to 500 C and 6 kbar. Gruen et al.
used an approach similar to that of Gill^ and James^ with solutions
contained in a sealed quartz cuvette and the pressure exerted by the
solution within the cell being balanced by an external pressure of
- 17 -
argon gas. This arrangement eleirainates the problem of dissolution 
of the pressurizing gas experienced by James, but restricts the 
applied pressure to the saturation vapour pressure of the solution.
In addition, the light beam must pass through four windows with 
consequent loss of intensity and sensitivity. Fang et al. modified 
a Beckman 1R-5A spectrophotometer for digital readout of infra-red 
absorbance and measured spectra up to 10 kbar at room temperature 
using a variable path length cell and "Irtran" windows. The use
of window caps and thin plastic gaskets together with conventional
' 7 4
unsupported area window mounting is described by Claesson et al.
This technique allows a window seal to be made even at low pressures
ntz
without the need for complicated window mountings. Giggenbach 
29
and Dobson used simple cells which could be fitted to many commercial
spectrophotometers for studying aqueous solution equilibria at
o 76temperatures up to 280 C and moderate pressures. Scholz et al.
studied the effect of pressure, temperature and chloride ion concentra­
tion on the optical spectra of copper(II) ions in aqueous solution.
An internal teflon cell which isolated the sample was used in a cell
n" - . ■ 7 7  '
described by Ludemann and Mahon. Measurements could be extended
to *fOO°C and 2 kbar but the extinction coefficients obtained had a
• 78
relative uncertainty of 5-10#« Tinker and Morris used a u.v.-visible
spectrophotometric cell for in situ catalytic studies of metal ions
79at high temperatures and Oltay et al. designed a high temperature- 
high pressure infra-red flow through cell with a variable path length.
1 80
Gallei and Schadow used an elegant and compact cell which employed 
very efficient cooling jackets to keep windows at a fairly low
- 18 -
temperature (ca. 50°C) even when the sample reached temperatures of 
600°C. It could be fitted to many commercial spectrophotometers 
and could be used either for infra-red or u.v.-visible studies 
at both high pressures and ultra-high vacuum.
2.2 High Temperature - High Pressure Optical Cell
The optical cell described was developed to enable the
determination of thermodynamic equilibrium constants in aqueous
solution at temperatures up to 250°C. The determinations, made
-3
with solutions of ionic strength less than 2x10 required a 
precision in absorbance measurements (about - 1$) similar to that 
obtainable under ordinary conditions but seemingly not obtainable 
with high temperature apparatus described in the literature.
The major problems in making reliable measurements at high 
temperatures stem from the reactivity of hot aqueous solutions and 
from the complexity of the apparatus. Use of optical cells containing
pQ r p c  r p f i
a sealed inner cell or liner ’ V considerably reduces the effects 
of reactivity. The present apparatus contains a new type of teflon 
inner cell and is convenient and reliable in use despite its 
complexity and rather large size. For qualitative measurements 
the apparatus is designed for use at temperatures up to 375°C and 
pressures up to 1 kbar.
- 20 -
2.2.1 Optical Cell
The poor mechanical properties of the spectroscopically 
transparent materials at present available precludes their use 
as basic construction materials for cells subject to high pressures 
and temperatures: a steel body firmly supporting thick windows is
essential. The main construction of the optical cell was designed
in collaboration with Pressure Products Industries (U.K.) Ltd.
73
and has similarities to the infra-red cell of Fang. It consists 
of a body, end-plates and threaded window caps of Nimonic 80A steel 
(chosen for its excellent high temperature strength and corrosion
8l
resistance ) which together form a hollow cylinder of overall length 
14.2cm, outside diameter 8.3cm and minimum internal diameter 1.75cm 
(Figure 2.1). The two end-plates, when bolted to the cell body, 
support the windows in precisely parallel alignment 1.0cm apart in 
the cylindrical cell body. Thin teflon gaskets between the windows 
and end-plates and the use of threaded window caps together with 
conventional unsupported area window mounting allow a seal to be 
made even at low pressures without the need for complicated window 
mountings. The windows are either fused quartz cylinders 3.l8cm 
in diameter and 1.93cm thick or sapphire disks 0.62cm thick silver 
brazed into gold-plated titanium mounts of the same overall dimensions 
as the quartz windows and of internal diameter 1.75cm. Data on the 
strength and corrosion resistance of window materials is scarce. 
Sapphire windows are very corrosion resistant except under extreme 
conditions and in contact with solutions much more concentrated than
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those used in the present work. They have been used successfully
o 71up to 6 kbar at 500 C if no more than two thirds of the window
29 :
area is unsupported. Dobson has found that even at temperatures 
up to 200°C the dissolution of quartz windows is not serious 
provided that low concentrations of electrolyte are used. At the 
ionic strengths used in the present work constant absorbance readings 
could be maintained for sufficient time even at 250°C but at higher 
temperatures dissolution was a serious problem and reliable measure­
ments could not be made with the quartz windows.
In the absence of fracture, leakage past seals and corrosion
are the most critical factors in the efficient functioning of the
33 " *
cell. The two cone-cone connections, standardized as ^  HP
fittings, (Pressure Products Industries (U.K.) Ltd.) which allow
solution or pressurizing fluid to pass into and out of the cell
were not troublesome with respect to leakage and have provided
trouble free service over three years. The window assembly described
above provided efficient sealing over a number of cycles of temperature
and pressure. However, the teflon gaskets became very thin with
repeated use due to extrusion of the teflon at high temperatures
and were liable to leak at low pressures. Periodic replacement of
these gaskets was necessary but they are easily and quickly cut from
thin teflon sheet. Corrosion was a particular danger and a number
of different approaches were tried in an attempt to eliminate this
problem. The cell was originally designed for flow-through operation
- 22 -
but this proved unsuitable for a number of reasons. The complicated 
internal geometry of the cell precluded thorough flushing when 
changing experimental solutions and a number of solutions were found 
to interact stongly with the cell material. Nimonic 80A, chosen 
for its general corrosion resistance and mechanical strength when 
heated, proved satisfactory in contact with water and most transition 
metal ion solutions but in contact with 0.1M EDTA it dissolved 
rapidly above 100°C. The cell material also interacted with the 
iron(II)-l,10-phenanthroline complex and precise absorbance 
measurements were impossible. In an attempt to eliminate these 
interactions the internal surfaces of the cell and the window caps 
were gold plated. However, satisfactory bonding between gold and 
Nimonic 80A could not be achieved. The gold plating proved porous 
and while it decreased the interactions it did not eliminate them 
and the gold began to peel off after relatively few experiments.
In a second approach the experimental solution was isolated from 
the cell material by use of a teflon inner cell. The entry and exit 
high pressure fittings were lined with small diameter teflon tubing 
and this tubing connected to an inner cell consisting of a tube of 
teflon of dimensions identical to those of the sample space (l.Ocm 
long and 1.75cm outside diameter). It was not possible to isolate 
the sample from the cell material using this arrangement because a 
seal between the inner cell and the windows and between the inner 
cell and the entry and exit tubes could not be maintained. The 
problem was solved by constructing a new type of teflon inner cell 
which effectively isolated the experimental solution. The cell could
23 -
not be used for flow-through operation but a sealed inner cell has 
a number of advantages. In particular, small volumes only of test 
solution are required and these are free from the concentration and 
temperature gradients characteristic of the flow through system. 
Teflon proved entirely satisfactory as a construction material for 
the inner cell. It is easy to machine and because of its flexibility 
will transmit hydraulic pressure from the pressurizing fluid to the 
experimental solution. Teflon itself begins to soften at about 250°C 
but has proved usable well in excess of this temperature so long as 
it is effectively contained.
The internal cell is in three parts, each being a short, 
flanged tube of internal diameter 1.50cm, wall thickness 0.10cm 
and outside diameter (including the flanges) 2.22cm. The central 
part, which is 0.82cm long, fits to the inner annulus of the main 
cell and the two outer parts, each 0.22cm long, fit correspondingly 
to the two window caps. As the flanges have a greater external 
diameter than the internal diameter of the main cell and window caps, 
temporary distortion of the parts is necessary during fitting. When 
assembled with the windows, the internal cell forms a pressure-tight 
cylinder, with the flanges acting as seals, in which a liquid may 
be contained in contact with quartz and teflon only. A shallow 
annular groove on the outside of the teflon midway between the 
windows permits pressurizing fluid (water) to be pumped through the 
main cell via the two high pressure connections.
-  2k -
The gaskets between the body and end-plates are used to 
prevent a large pressure difference across the sealing surfaces 
of the inner cell. Teflon gaskets were used originally but could 
be used only once at temperatures in excess of 250°C owing to the 
large expansion coefficient of teflon which produced extensive 
distortion of the seals on heating. This problem was overcome by 
use of copper gaskets which have been used successfully for a 
number of years.
2.2.2 Furnace
The furnace (Figure 2.2) consists of two blocks of HE J>0 WP 
aluminium alloy 10.2cm square and 8.9cm long bored and milled to 
closely accomodate the optical cell, eight 120 watt ceramic cartridge ' 
heaters set in holes in the aluminium blocks and eight annealed 
copper cooling tubes. It is fitted with 0.5cm asbestos board 
insulation* The cartridge heaters are 8.6cm long and 0.95cm in 
diameter with glass fibre sheathed leads. Temperature is controlled 
to - 1° by means of a Lilliput controller type 017 (Eurotherm-Stanton 
Redcroft Ltd.) fitted with a chromel-alumel thermocouple. The 
temperature of the sample in the cell is measured by means of a 
high pressure iron-constantan thermocouple, the probe of which extends 
within a thin teflon sheath to the surface of the inner cell. The 
therocouple output is linearized and displayed on a digital voltmeter 
providing a continuous temperature display. The measuring thermocouple 
was calibrated with the aid of standard mercury thermometers and
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independent thermocouple measurements of the cell temperature.
The cooling tubes are four U-tubes of 0.5cm outside diameter each 
about 25cm long-which are pushed into the block and connected to 
the cold water supply. In practice these were inconvenient to use 
and the cell was normally cooled by blowing a stream of air across 
it with a high speed fan.
2.2.3 Cell Carriage
An ML 10 lathe bed (Myford Ltd.) fitted with a modified cross- 
slide forms the precision carriage of the optical cell and furnace.
The nature of the parts connecting the furnace and cell to the 
cross-slide is evident from a study of Figure 2.2 • The furnace 
is located on the cross-slide by means of two shallow drillings in 
the base of each block and four adjustable studs on the upper plate 
of the cross-slide, the mass of the cell and furnace (about 11kg) 
being sufficient to prevent lifting off under normal working conditions. 
The bed is parallel to and behind the spectrophotometer so that the 
cross-slide may be used for moving the cell into the light beam and 
the main run of the bed for moving it well away from the collimator.
The carriage provides four modes of movement, the two mentioned above 
and small amounts of vertical and rotational movement for obtaining 
optimum alignment of the cell with respect to the light beam. The 
extent of movement is closely controllable with adjustable stops.
In practice it was found that the thick quartz windows reflected a 
high proportion of the incident light- when these were normal to the
- 26 -
beam and the cell was placed slightly skew to the light path and 
fixed firmly in position. Owing to the extreme sensitivity of 
absorbance readings to slight relative movement of the spectro­
photometer and cell, the lathe bed, source housing and spectro­
photometer were securely anchored to a base plate of aluminium 
alloy of dimensions 122x6^x1.9cm (the spectrophotometer body was 
fitted with adjustable stops to facilitate alignment of the optics). 
Where possible other parts, such as the upper plate and modifications 
on the cross-slide, were constructed of aluminium alloy. The lathe 
bed itself was of steel and tended to corrode rapidly unless 
protected by a film of oil.
2.2.4 .• Pressure System
The pressure system (Figure 2.2) has similarities to those of
n  7 7  29
Ludemann and Mahon and Dobson. It is designed for the purpose
of pumping solution or pressurizing fluid through the cell and
generating and controlling a hydraulic pressure in the cell.
Hydraulic oil pressure is generated in a modified dead weight tester
and oil seal (Budenberg Gauge Company Ltd.). The priming pump VI
functions to 9 bar and the screw press to 1 kbar. Pressure is
transmitted to the cell via i  HP stainless steel fittings and tubing
(Pressure Products Industries (U.K.) Ltd.) which include a pressure
safety fuse and piston assembly, flexible capillary and high pressure
valves V3 and V4.
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Water'or aqueous solution, which may be effectively freed from 
dissolved oxygen and carbon dioxide in a simple inlet system, is 
admitted to V3 under a small nitrogen pressure and is separated by 
the piston from water in the pressure fuse assembly. The piston is made 
of stainless steel and sealed with a viton "0" ring. It serves the 
purpose of separating corrosive test solutions from water in the 
pressure fuse ('corrosion of which would change its pressure rating 
in an unpredictable manner). In use, the piston had a tendency to 
jam, but this jjroblem.was overcome with experience. The pressure
■ i ■. •
fuse assembly contains a metal disc designed to rupture at a
predetermined pressure and the fuse and piston cylinder are so
constructed that the piston has an unobstructed path to the exhaust
pipe in the event of a rupture. A collapsible viton bag separates
oil in the screw press from the rest of the pressure system. Valve
V4 is used to isolate solution in the cell and a third valve, V5 , is
used to control the passage of water or solution through the cell.
The flexible capillary, which consists of a coil of 6m of 0.08cm
internal diameter annealed 321 stainless steel, facilitates free! ■ .
: . ■. i •
movement of thb optical cell with respect to the remainder of the 
pressure system, most of which is bolted to Lablox scaffolding.
Perspex safety screens were used for protection when the cell was in 
use at elevated temperatures and pressures.
- 28 -
2.2.5 Spectrophotometer
Absorbance measurements are made with a modified Hilger H700 
spectrophotometer (Figure 2.4). I n  order to accommodate the optical 
cell in the light beam the source housing has been repositioned on 
a separate table some 24cm from the entrance slit of the monochromator. 
Placing the cell between the light source and the entrance slit of 
the monochromator rather than modifying the normal cell compartment 
of the spectrophotometer overcame the difficulties of repositioning 
the photocell housing and the necessity of providing very efficient 
thermal insulation between the optical cell and the photocells. It 
has the disadvantage that the full beam from the source passes through 
the solution but after careful adjustment of the optics the performance 
of the instrument closely parelleled that before modification.
The light source housing contains a new condensing mirror of 
longer focal length than the original, which re-focuses the beam on 
the entrance slit of the monochromator. The beam is stopped down to 
prevent partial cut off by the restricted cell aperture but without 
serious loss of Sensitivity in the absorbance measurements. A coil 
of copper tubing through which water is passed is fitted between the 
optical cell and the monochromator to prevent overheating of the 
monochromator.
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2.2.6  Operation and Performance of the Cell
In a typical determination of the acid dissociation constant of
the 1,10-phenanthrolium ion at temperatures above 100°C the following 
'■ .' I '
procedure was|adopted. An aliquot of one of a set of solutions
(Section 3) was placed in the inner cell with the aid of a small
pipette. For!this purpose the main cell was stood on end with one
end-plate and window assembly bolted in place. The second end-plate
and window assembly were lowered on to the solution leaving a small
vapour space.! This space prevented undue build up of pressure in the
inner cell but was small enough not to interfere with the light beam.
Bolts on both end-plates were tightened to give a preselected gap,
determined with a feeler gauge, between the end-plates and the cell
body. The cell v/as connected to the capillary, inserted in the
furnace and the whole assembly placed on the carriage. Water was
pumped into the annular space between the walls of the inner and
outer cells under a small nitrogen pressure via and residual gas
bubbles were removed after closing V3 by alternately applying pressure
with VI and releasing it via V5. The system was pressurized to about
9 bar and V2 and VA were closed. In this way the cell was filled,
assembled and made ready for heating in less than five minutes.
Heating and equilibration at the highest temperature at which
quantitative measurements were made (250°C) were accomplished in
*fO-A5 minutes.
- 30 -
During the equilibration time the alignment of the optical cell 
was minutely adjusted to obtain a preselected low absorbance reading 
at AOOnm. This reading represented the background absorbance of the 
cell since none of the compounds investigated absorb significantly 
at this wavelength. The wavelength drum, which was re-calibrated 
regularly, was reset to the required wavelength and absorbance 
measurements were carried out using air as a reference. All 
absorbance measurements were corrected for background absorbance 
measured previously with water or perchloric acid in the cell. The 
cell was cooled to room temperature, depressurized and dismantled 
during a period of about 90 minutes from 250°C.
By repeated use of this procedure with other solutions of 
phenanthrolium ion the acid dissociation constants were determined 
(Section 3)* Reproducibility in absorbance measurements was normally 
between - 0.5$ and - 1$. It should be noted that accurate values of 
the wavelength of measurement, background absorbance and optical path 
length were not required in the determinations but merely had to be 
precisely reproducible from one experiment to the next. Variations 
in the applied pressure of as much as 100 bar had a negligible ' 
effect on absorbance readings and therefore it was feasible to 
maintain the pressure at just above the saturation vapour pressure 
of water.
For the purposes of making qualitative measurements of spectra 
over a wide range of temperature and pressure the internal cell was
removed and solutions were admitted directly to the main cell via VJ.
A range of optical path lengths between 0.08 and 2.40cm were facilitated
by the use of compound window assemblies (Ceramel Ltd.) in place of
the quartz windows. Each assembly consisted of gold plated titanium
mountings and a sapphire disk silver brazed either centrally or
close to one end of the mounting and a number of loose sapphire
inserts 0.10cm thick and 1.75cm in diameter. This construction was
designed to prevent casual damage to the sapphire disks and to form
a simple pressure-tight seal at the window surface. The inserts were
' ' 75used in a similar way to that described by Giggenbach. ■ The window 
assemblies with the sapphire disks mounted asymmetrically in the
titanium mounts did not work well and cracking occurred with sub­
sequent leaking around the brazed joint at about 150°C. The
assemblies with the sapphire disks mounted centrally functioned
satisfactorily.
2.3 Multiple Cell for use to the Critical Temperature of Water
The high temperature-high pressure optical cell described •
in Section 2.2 has a number of disadvantages, the most notable
being the necessity of cooling and dismantling the cell for each
measurement of absorbance of a series of solutions. In addition,
absorbance measurements are taken against air as a reference and
must be corrected for background absorbance of the solvent and the
cell itself. This operation doubles the uncertainty in absorbance
measurements and the use of a duplicate cell containing the reference
medium at the same conditions of temperature and pressure as the
experimental solutions would be a decided improvement. A number of
optical studies have been made at high temperatures and pressures
65using duplicate reference cells. Waggener used a reference cell
which was identical in geometry and materials of construction with
the sample cell but was maintained at 25°C and atmospheric pressure.
Ludemann and Franck studied the absorption spectra of solutions
of cobalt(II) and nickel(II) halides to 500°C and 6 kbar with a
double cell in which both reference and sample cells were contained
29 '
in the same furnace and held at identical pressures, and Dobson
used a simple double cell with inner teflon liners to estimate the
. • 84
ionization constants of 4-chloro-2,6-dinitrophenol. Scholz used
a reference cell held at the same temperature and pressure as the
sample cell in a Capy 17 spectrophotometer in the investigation of
charge transfer complexes. However, the double cells described in
the literature still suffer from the disadvantage of requiring a
- 33
cycle of cooling, dismantling, filling and re-heating each time an 
absorbance measurement is taken of a particular solution. The 
multiple optical cell described incorporates six identical optical 
cells mounted in a cylindrical furnace and allows measurement of the 
absorbance of five different experimental solutions in one filling 
and heating cycle, together with the advantage of an identical 
reference cell under the same conditions of temperature and pressure 
as the experimental cells.
2.3*1 Optical Cells
The present optical cells (Figures 2.5 and 2.6) are constructed
of oxide coated JL& stainless steel and are based on a design used 
' 8*t
by Scholz. Each cell consists of a body, window retaining cone 
pieces, threaded gland nuts and threaded window caps which together 
form a hollow cylinder of overall length 12.3cm, outside diameter 
5.1cm and a maximum clear aperture of 1.39cm. The two cone pieces 
take the place of the end-plates described in Section 2 .2 and are 
held in place by simple threaded gland nuts. The use of cone-cone 
sealing on the window retaining cone pieces offers a considerable 
advantage over the more conventional end-plate sealing described above. 
Assembly is simple and a pressure tight seal is easily formed between 
the cone pieces and a corresponding female cone in the cell body.
In addition, this type of seal requires no gaskets of teflon or 
similar material which are unsuitable at high temperatures and require 
frequent replacement. The solid angle on the two cone pieces is 58°
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sind that of the cone section in the cell body 60° (allowing the 
formation of a line seal). The two cone pieces, when assembled 
together with the gland nuts and cell body, support the windows in 
precisely parallel alignment 1.00 cm apart in the cell body. A steel 
glide ring between the cone piece and the gland nut prevents twisting 
of the teflon inner cell (described below) during assembly. The cell 
has no provision for the application of external pressure and is 
designed to operate at approximately the saturation vapour pressure 
of water; The pressure of experimental solutions in the sealed inner 
cell is balanced by filling most of the annular space between the 
inner cell and the main cell body with water. When assembled, the 
two cone pieces form a pressure tight seal with the cell body and 
maintain the annular space close to the saturation vapour pressure 
of water.
The window mountings are identical to those described in Section
2.2.1 with thin teflon gaskets between the windows and the cone pieces 
and threaded window caps being used to form a seal at low pressures.
A hole is drilled in each cap close to the end of the thread to prevent 
liquid being trapped behind the cap and the build up of undue pressure 
with subsequent leaking. (The teflon gaskets were reliable in use 
but required replacement at infrequent intervals.)
The windows are synthetic sapphire cylinders (Ceramel Ltd.)
1.91cra in diameter and 0.6Jf3cm thick. They are easily able to 
withstand the maximum design pressure of the cells (ca. 220 bar)
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and are resistant to corrosion by dilute aqueous solutions to
Qp
temperatures well above the critical point of water. No etching 
of the windows could be detected at the highest temperatures yet 
used (300°C). The windows were found to be very susceptible to 
chipping at the edges during assembly of the cell, but this problem 
was overcome by making a bevel along each edge.
A sealed inner cell of teflon is again used and. is similar to 
that described in Section 2.2.1, but is entirely in one piece. It 
consists of a short flanged pipe of overall length 1.03cm, internal 
diameter l.^Ocm, wall thickness 0.10cm and external diameter (including 
the flanges) 1.98cm. During assembly, the teflon cell is distorted 
while hot and a window cap is fitted over each of the flanges. When 
assembled with the windows and cone pieces, it forms a pressure-tight 
cylinder (with the flanges acting as seals) in which solutions may 
be contained in contact with teflon and sapphire only (Figure 2.7)*
To prevent relative movement of the window caps during the filling
and assembly operations, two small retaining clips are used (Figure 2.5)»
2.3»2 Furnace
The furnace (Figure 2.8) is a cylinder of aluminium alloy lagged 
with 1.25cm thick steatite of overall dimensions 20.3cm in length 
and diameter bored and milled to closely accommodate the six optical 
cells. It is designed so that each cell can be brought into the light 
beam of the spectrophotometer by rotation about the cylindrical axis
Figure 2.8 - Assembly of furnace and six optical cells

of the furnace. It contains twelve ceramic cartridge heaters set 
into the block which together develop 2kW. Electrical connections 
to the heaters are carried on a wheel of steatite at one end of the 
furnace and the complete assembly of furnace and six cells can be 
brought to 250°C in about 20 minutes. Temperature is controlled 
as described in Section 2.2.3 and the temperature of the sample in 
the cell is measured by means of a removable iron-constantan thermo­
couple which extends through the furnace and lagging to within 
0.1cm of the sample space. Provision is made to check the temperature 
distribution within the furnace by means of a number of thermocouple 
wells at various points on the diameter of the furnace. Tests have 
shown that there is a radial distribution of temperature within the 
furnace, temperature being *f°C higher at the centre of the furnace 
than in the sample space when the sample is at 200°C.
2.3*3 Furnace Support Carriage
The furnace support carriage is made of aluminium alloy and 
consists of a square bracket with roller bearings set in the centre 
of two opposite sides. The furnace and six optical cells, which 
together weigh 20kg, are supported about the cylindrical axis of 
the furnace on the two roller bearings. The support carriage fits 
into the modified cell compartment of a Unicam SP1800 spectrophotometer 
or between the source housing and monochromator of the Hilger H700 
spectrophotometer described above. Precise lateral alignment of 
the cells in the light beam is facilitated by the provision of two
- 37 -
air bearings at the base of the furnace support carriage and two 
micrometer adjusting screws.. Application of a stream of compressed 
air between the bearing surfaces produces a ’’hovercraft" effect 
allowing the furnace, cells and furnace support assembly to be moved 
horizontally with very little effort. Once precise alignment of the 
furnace has been obtained the compressed air stream is turned off, 
the mass of the furnace and cells being sufficient to prevent further 
movement•
Each cell can then be brought into the light beam by rotation 
of the furnace about its cylindrical axis, a circular ratchet with 
six stops preventing accidental rotation of the furnace during 
absorbance measurements.
2.3*^ Spectrophotometer
The furnace assembly.and cells are designed to be used with the 
Hilger H700 Spectrophotometer described previously or With a modified 
IJnicam SP1800 Spectrophotometer. In order to accommodate the furnace 
and optical cells in the light beam, the cell compartment of the 
SPl800 spectrophotometer has been increased in size by repositioning 
the photomultiplier and accompanying optics in a new housing some 
10cm from its original position. Placing the cells between the grating 
monochromator and the photomultiplier detectors necessitates the 
provision of effective thermal insulation between the hot cells and 
the optical components of the spectrophotometer, particularly the
photomultiplier, if effective performance of the instrument is to be 
maintained. This has been achieved by enclosing the furnace and 
cells in a water cooled brass jacket which forms the walls of the 
new cell compartment (Figure 2.9)* Thin sapphire windows in the 
insulating jacket allow the passage of the light beams and a new 
cell compartment lid of aluminium alloy (not shown) has been 
constructed to accommodate the bulk of the furnace.
The beams from the light source have been refocussed on the 
photomultiplier and have been stopped down to a circular cross 
section at the static beam splitter to prevent partial cut off by 
the restricted cell aperture. After careful adjustment of the optics, 
the performance and sensitivity of the instrument were comparable to 
those before modification.
The SP1800 spectrophotometer normally displays absorbance on a 
meter with a linear scale but for the accurate absorbance readings 
required for the determination of equilibrium constants, the facility 
for digital readout of absorbance has been used. Absorbance is 
displayed on a three figure Weir Digital Voltmeter 500 Mk III 
(Weir Electronics Ltd.).
2.3*5 Operation and Performance of the Cell
In a typical determination of the overall stability constant of 
the t r i s- (2.2 1 -bipyridy1)iron(II) cation the following procedure was
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employed. An aliquot of one of a set of solutions (Section f^) was 
placed in the inner cell with the aid of a small pipette. For this 
purpose the main cell was stood on end with one cone piece and window 
assembly (including the inner cell and two attached window caps) in 
place. The second window was then lowered onto the solution leaving 
a small vapour space. This space prevented undue build up of pressure 
in the inner cell and during measurement the design of the inner cell 
(Figure 2.7) allowed the bubble to remain out of the light beam.
The annular space surrounding the inner cell was then partially 
filled with water so that the pressure inside and outside the inner 
cell is equalized at the saturation vapour pressure of water when the 
cell is heated. The second cone piece was then carefully screwed 
into its corresponding window cap and tightened with the aid of two 
flats machined on the outer end of the cone piece. This operation 
completely sealed the inner cell, solution being in contact with teflon 
and sapphire only. The second threaded gland nut and glide ring were 
then screwed into place and tightened, forming a cone-cone seal and 
sealing the annular space surrounding the inner cell. A set of 
aluminium jigs were constructed to hold the cylindrical cells 
securely while the filling and assembly operations were carried out.
This operation was repeated for each of the six cells and the 
cells then inserted in the furnace and the whole assembly placed on 
the furnace support carriage in the spectrophotometer. In this way 
the six cells were filled, assembled and made ready for heating in 
about 15 minutes. Heating and equilibration of the furnace and six
-  ko -
cells at 250°C was accomplished in about 20 to 25 minutes.
During the equilibration time the alignment of the optical 
cells was minutely adjusted with the aid of the air bearings described 
previously to obtain the minimum absorbance at the wavelength of 
interest (522nm for tris-(2,2 !-bipyridyl)iron(II) cation). For use 
with the Hilger H700 spectrophotometer, five of the cells contained 
experimental solutions and one cell contained a blank. During 
measurement with this single beam instrument, the blank cell was 
moved into the light beam and the background absorbance of the blank 
solution and cell compensated for in the usual way before the 
absorbance of each of the experimental solutions was measured. In 
this way the absorbqhces of a series of five solutions were measured 
at 250°C during a period of about 5 minutes. The whole operation of 
filling, equilibration and measurement of five solutions can be 
carried out in MO to A-5 minutes.
For use with the Unicam SP1800 double beam instrument, all six 
cells were filled with experimental solutions and a blank cell 
(either a cell of the same dimensions and materials as the inner 
experimental cell or a conventional 1cm quartz cell) was placed in 
the reference beam. The absorbance of each of the six experimental 
solutions was then measured by rotating each cell in turn into the 
light beam, the whole operation from filling to the measurement of 
the six absorbances at 250°C taking about ^5 minutes as above.
- 41 -
2.4 Discussion
Experience in the construction and use of the two optical cells
described has shown the decided advantage of using a sealed inner
cell to isolate experimental solutions (particularly those of metal
ions or complexing ligands) from those materials of high tensile
strength suitable for the construction of the main body of high
temperature-high pressure vessels. Even corrosion resistant materials
such as Nimonic 80A or 316 stainless steel are Unsatisfactory at
high temperatures in contact with many chemical systems of interest.
Plating the interior of high temperature vessels with precious metals
is one alternative to the use of an inner cell but in our experience
is unsatisfactory. A pore free coating of gold could not be obtained
♦
on Nimonic 80A and the plating was found to peel off after only a few 
heating and cooling cycles. The failure of the plating was caused 
mainly by the differential thermal expansion of gold and Nimonic 80A, 
coupled with the difficulty of forming a homogeneous coating of gold 
on the surface of an alloy as complex as Nimonic 80A.
The use of teflon for the inner cell limits the temperature 
available to about 400°C but otherwise has many advantages. It is 
readily available and easily machined to quite complicated shapes,
is extremely inert and able to transmit applied pressures effectively.
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Teflon has a tendency to off-gas when heated and the material has
been reported to give off minute amounts of unidentified solids 
85and gases (eg. a uniform weight loss of 2ppm per hour has been
observed over the range 206-3l6°C). We have found that freshly
machined teflon inner cells produced erratic and unpredictable
absorbance readings when first used but if filled with water and
held at 200-250°C for about one hour showed no further measurable
interaction with experimental solutions. There is some disagreement
in the literature concerning the upper temperature limit for teflon.
Use of the material for an inner cell where it is effectively
o 76contained has been reported to kOO C and we have used teflon inner 
cells to temperatures in excess of 300°C without encountering any 
difficulties. The use of teflon for seals, however, is unsatisfactory 
if temperatures greater than about 230°C are used. It is difficult 
to contain effectively when used for this purpose and seals could 
be used only once at high temperatures. The relatively low softening 
temperature of teflon coupled with its high coefficient of thermal 
expansion produce extrusion of the seals at high temperatures along 
crevices in the pressure vessel rendering them unsuitable for further 
use. The copper seals described in Section 2.2.1 functioned 
satisfactorily if isolated from experimental solutions, but by far 
the best method of sealing at high temperatures! and pressures is the 
use of cone-cone seals described in Section 2.3«1» \
The temperatures and pressures accessible to optical apparatus 
is limited by the corrosion resistance and mechanical strength of the 
windows. The design limits of the cell described in Section 2.2 
(375°C at ?80 bar and 1 kbar at 25°C) were not approached. The 
severest conditions attained with this cell using the quartz windows
were 300°C at IkO bar and 550 bar at 25°C. The upper pressure limit 
was not approached because the effect of moderate pressures on the 
equilibria under study was within experimental error and the upper 
temperature limit was unattainable with the quartz windows, which 
etched rapidly in contact with aqueous solutions at 300°C. The 
highest temperature at which quantitative measurements could be made 
with the quartz windows was 250°C. Sapphire windows a?e much more 
corrosion resistant and were used at temperatures greater than 300°C 
without excessive etching. However, the limited strength of the 
silver brazed joint on the mount used for the sapphire windows described 
in Section 2.2.1 limited the pressure available with these windows to 
300 bar. Quartz windows also suffer from the disadvantage of excessive 
absorbance of radiation at wavelengths below 300nm, especially at 
high temperatures, and measurements below this wavelength are subject 
to excessive error. The use of sapphire windows extends the useful 
spectral range down to about 2*f0nm.
The sapphire windows described in Section 2.3 functioned 
satisfactorily to temperatures in excess of 300°C at the saturation 
vapour pressure of water and are easily able to withstand the maximum 
design pressure of 220 bar at 375°C.
The positioning of the high temperature optical cells in relation 
to the two spectrophotometers described wa6 determined to a large 
extent by the layout of the instruments themselves. Placing the cells 
between the monochromator entrance slit and the Bource housing in the
Hilger H700 required the minimum of modification of the instrument 
and had a number of advantages over the conventional call position.
With this arrangement, the effects of stray light and heat on the 
instrument are reduced and it is not necessary to construct an 
elaborate cell compartment to enclose the bulky cell, nor to provide 
very efficient thermal insulation between the cell and the photomulti- 
7)lie*r detectors. Extensive re-alignment of the optics was not required, 
the only change needed being a new condensing mirror of longer focal 
length in the source housing to re-focus the beam on the entrance 
slit of the monochromator. The main disadvantage of this arrangement 
is that the full beam from the source passes through the sample.
However, after careful adjustment of the optics and cell position the 
performance of the instrument closely paralleled that before 
modification.
The compact construction of the Unicam SPl800 spectrophotometer 
made it necessary to use the conventional cell compartment for the 
high temperature cells if the instrument was not to be completely 
rebuilt. In order to accommodate the bulky furnace the cell compartment 
had to be enlarged and the detectors rehoused 6ome 10cm from their 
original position. Extensive re-alignment of the optics was necessary 
and the reference beam had to be deflected around the outside of the 
furnace by suitably place mirrors. In addition, the whole cell 
compartment was insulated from the rest of the instrument by a 
water cooled brass jacket. This arrangement, however, does allow 
normal operating procedure for the instrument and little loss of 
sensitivity was observed.
The restricted window appertures on both cells required that the 
light beams on both spectrophotometers be stopped down to prevent 
partial cut-off by the cells. This did not adversely effect the 
performance of either instrument. The use of the multiple optical 
cell described in Section 2.3 offered a number of advantages over 
the earlier cell described in Section 2.2, the most important being 
the increase in the number of absorbance measurements at high 
temperatures it is possible to make in a given time. Use of this 
multiple cell with the Ililger H700 allows the measurement of absorbance 
of five experimental solutions in the same time or less than it takes 
to measure one absorbance with the older single cell. In addition, 
the presence of an identical reference cell in the same furnace as 
the experimental cells increases the precision of absorbance measurements 
and further reduces the labour involved in making a set of accurate 
absorbance measurements.
The older single cell has the advantage of an external pressurizing 
system but the effect of pressure on the equilibria studied is within 
experimental error up to the highest pressures attainable with this 
apparatus (ca. 1000 bar) and the operation of the multiple optical 
cell at the saturation vapour of the solutions under study is 
entirely satisfactory.
SECTION 3
THE ACID DISSOCIATION CONSTANTS OF THE
1,10-EHENANTHR0LIUM ION AND SOME 
SUBSTITUTED EHENANTHROLIUM IONS IN 
THE TEMPERATURE RANGE 25 - 250°C
-it6 -
3.1 Introduction
Acid-base properties and protonation-de-protonation equilibria 
are among the most easily studied and the most readily understood 
chemical phenomena. Observations of the effects of changing molecular 
structure on acid-base equilibria have provided much of the theoretical 
foundation of modern organic chemistry. Acid-base equilibria are 
almost invariably studied in a solvent. In many cases the solvent 
itself is a proton acceptor or donor, and proton transfer occurs 
between the solute acid (HX) and the solvent (SH). The general 
equilibrium may then be written:
HX + SH ^  X + SH2 (3.1)
where the charges are neglected to emphasize that acids and bases 
may be either neutral or charged. The two commonest types of acid 
are the neutral acid HA and the positively charged acid BH (ie. the 
conjugate acid of the neutral base B) and the most common and useful 
solvent for the investigation of acidities is water. The compounds 
studied in the present investigation are the positively charged 
conjugate acids of 1 ,10-phenanthroline and some substituted 1 ,10- 
phenanthrolines in water as a solvent. The general equilibrium under 
consideration may then be written:
BH+ + H_0 3±: B + H_0+ 
2 $ (3.2)
The above equilibrium has been studied over as wide a temperature 
range as possible with the four bases: 1 ,10-phenanthroline, 5-nitro-
1 .10-phenanthroline, 2 ,9-dimethy1-1 ,10-phenanthroline and 5 »6-dimethyl
1.10-phenanthroline. There is a general lack of equilibrium data for 
reactions such as (3-2) at temperatures far removed from 25°C and 
comparisons of acid strength are often of doubtful validity at a 
single temperature since the relative strength of two acids may change 
with changing temperature• The changes in enthalpy, entropy and heat 
capacity associated with an acid-base reaction can be found from the 
variation of its equilibrium constant with temperature. These 
thermodynamic properties afford interesting insights into acid-base 
behaviour, particularly with regard to solvation effects.
The choice of 1,10-phenanthroline and related compounds as the 
system of study has been explained in Section 1. In addition to the 
advantages of ease of interpretation of the thermodynamics of 
isoelectric reactions, compounds such as 1 ,10-phenanthroline are 
extremely stable and preliminary tests indicated that the equilibrium 
constants of reaction (3*2) could be measured up to quite high
temperatures. Further, 1,10-phenanthroline and related compounds
86are of considerable analytical interest and have been extensively 
studied at ambient temperatures. There was thus a large body of 
information in the literature with which to compare the present 
results at lower temperatures and so act as a check on methods of 
calculation and the operation of new apparatus.
1,10-phenanthroline is a rigid, planar molecule with two
potentially basic nitrogen atoms. Figure 0*1) shows 1 ,10-phenanthroline
and the three substituted phenanthrolines studied. Aromatic hydrogen
atoms have been omitted for clarity, but their positions are numbered
in the first diagram. Although the 1,10-phenanthrolines have two
potentially basic nitrogen atoms per molecule, it is normally regarded
as a monoacidic b a s e , a t  least in aqueous solutions down to pH 
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values of unity. The close proximity of the two nitrogen atoms 
(2.58) in the inflexibly fused ring system is believed to favour 
addition of One proton but to exclude or discourage by stearic or 
electrostatic factors the addition of a second proton. However, there 
is now considerable evidence that di-protOnated species of 1 ,10-
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phenanthroline and its derivatives do exist in strongly acidic media, 
but in the range of pH used in the present work the addition of a 
second proton may be ignored.
The acid dissociation constant of the phenanthrolium ion and
substituted phenanthrolium ions in aqueous solution have been determined
by several different methods. Nasanen and Uusidalo, measuring the
e.m.f. of cells without liquid junction potential and extrapolating
their results to zero ionic strength, obtained pK values of 5*079*'
4.857 and 4.641 at 0°, 25° and 50°C respectively^^ for 1 ,10-phenanthroline.
A plot of pK vs l/T gave a straight line and a derived AH0 of 5*5 a
kcal mol-^ and AS0 of -10.2 cal mol ^ deg"*^  for reaction (3*2).
94
Lahiri and Aditya, using a spectrophotometric method found pK&
values of 4.96, 4.89 and 4.77 at 25°, 53° and 45°C respectively which •
1,10-phenanthroline
NO.
5-nitro-l,10-phenanthroline
CH
2 ,9-dimethy1-1 ,10-phenanthroline
CH
5 ,6-dimethyl-1 ,10-phenanthroline
Figure - Structure of the four bases studied
gave a derived AH0 of 4.1 kcal mol ^ and AS0 of -9*5 cal mol ^deg ^ for 
reaction (3-2) where the base is 1 ,10-phenanthroline while direct
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calorimetric measurements on the heat of neutralization of 1 ,10- 
phenanthroline in 1 M sodium nitrate with 0.5 M nitric acid gave a AH0 
of 4.6 kcal mol \  AS0 of -8  cal mol ^deg ^ and AG° of 7.0 kcal mol ^ at 
25°C. Similar measurements by Anderegg^ gave a AH° of 3.95 kcal mol"’^ . 
Numerous other determinations of the pK of 1,10-phenanthroline and sub-
9.
stituted 1 ,10-phenanthrolines are reported in the literature.^»^7i91i.97 109
The data tabulated in Table 3«1 may be taken as representative.
. Table 3-1
pK for 1 ,10-Phenanthroline and Related Bases in Water at 25°C9
Compound pKBH+ Kef. pKH B^+
(estimated)
1 ,10-phenanthroline 4.84 92 -1.7
S-nitro-1,10-
phenanthroline 3.23 108
5 ,6-dimethyl-
1 ,10-phenanthroline 5-44 108 -1.6
2 .9-dimethyl-
1 .10-phenanthroline 3-77 92 -O.3
2 ,2 '-bypyridyl v .4.51 91 -0 .5
(a) Estimates of the dissociation constant of the diprotonated bases 
are taken from ref.■91.
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in terms of the tautomerism
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Charlton has discussed the constant pK for the phenanthrolines
M + + h2o B + H_0
3
l+ [bH10]+ + H20 (3.3)
v/here the superscript refers to the nitrogen atom to which the proton
equation to substituent effects of the pKr of the 1 ,10-phenanthrolinesa
and a good fit between observed and calculated values is found. 
Discrepancies between the observed and calculated values are found 
for the 2-methyl, 5-chloro and 5-nitro substituted and the 5 ,6  
disubstituted phenanthrolines. In the first case, this is ascribed 
to errors in the estimated constants, while the other deviations 
are rationalized by postulating protonation not directly on N but 
on co-ordinated water as shown in Figure (3-2)
is attached. A number of authors^^1^ ^’^  have applied the Hammett
NO,
+ H H
0
H
Figure 3*2- Proposed Structure for the 
5-nitro-l,10-phenanthrolium Ion
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Structures similar to that shown in Figure (3*2) are often quoted
for the hydrate of 1 ,10-phenanthroline although there is no direct
evidence for such a structure and studies by crystallographic 
morphology and X-ray diffraction^^ have not yet solved the structure 
of 1^lO-phenanthroline-H^O,
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Fahsel and Banks propose structures similar to that shown in
Figure (3*2) to account for such species as [h (1,10-phenanthroline)J +
thus implying the participation of water for all the protonated
phenanthroline molecules. In a calorimetric study Paoletti et .al.^^
112 ;used the method of "pit-mapping" due to Sillen, to treat their 
results and concluded that the existence of the species 
[H(l,10-phenanthroline)nj+, where n = 1 and 2 , were consistent with 
their data but that the existence of the species where n = 3 appears
' ii3
in doubt. Recently Gillard has suggested that covalent hydration 
of the protonated phenanthroline molecule at the 2- (or 9-) position 
could explain Fahsel and Banks results without the need to postulate 
higher order species such as the above.
The overall effect of substitution in the 1,10-phenanthroline 
molecule on the pK of the protonated bases is predicatable from the 
known changes in electron distribution produced by aromatic 
substitution. Various substituents produce changes in the electron 
density on the nitrogen atoms depending on their nature and position, 
in keeping with their known effects on other ring systems. The 
distribution of n-electrons in 1 ,10-phenanthroline has been calculated
- 52 “
by Longuet-Higgens and Coulson. It was predicted that the
2-, 4-, 7- and 9- positions in 1 ,10-phenanthroline should be
susceptible to nucleophilic attack while electrophilic substitution
should occur preferentially at the 5- and 6- positions. It has been
33 103observed in further studies ’ that the relative electron releasing
effects of various methyl substituents on the basicities of substituted
phenanthrolines closely parallels the calculated Tr-electron distribution.
A methyl substituent at positions 2- or 9- increases the basicity
of 1 ,10-phenanthroline more so than at any other position; at positions
4- or 7- it is slightly less effective and at positions 3“i 8-, 5-
or 6- the enhancement of basicity is appreciably less. Multiple
substitution of methyl groups increases the basicity of phenanthrolines
88
in an additive fashion. The substitution of the electron-withdrawing 
nitrq-group decreases the electron density on the aromatic' nitrogen 
atoms and produces a decrease in basicity.
The remainder of Section 3 is divided into four parts. Section
3.2  describes the equations and methods used in the calculation of 
acidity constants from spectrophotometrie data, Section 3*3 describes 
the experimental procedure used in making the measurements and the 
detailed experimental results are tabulated in Section 3*4. Th.e 
results are discussed and compared to previous work in Section 3«5«
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3.2 Theoretical
Let B represent a monoacidic base whose conjugate acid ionizes
/ • ; ; • ■ _
in water according to equation (3.4):
BhT . tnH-O + H,ot . (3.^)(aq) 2 (aq) 3 (aq)
The acidity constant, K , of the acid BH is defined as the 
equilibrium constant of reaction (3«4) when studied in dilute 
solution. Under such conditions the activity of the solvent can 
be assumed constant and assigned the value unity. Then we have:
K = a(B)a(H 0+)/a(BH+) (3.5)
where a(B), a(H70+) and a(HH+) are the activities of B , H 70+ and BH+ 
respectively.
Writing h for H^O for ease of notation, equation (3«5) may 
be written as
Ka = [B 1 / [BH+] (3.6)
where square brackets denote concentration and y^, an(* y^ are 
the activity coefficients of H+, B and BH+ respectively.
In the present experiment, conditions of rigorously constant 
ionic strength were not maintained, but for isoelectric reactions 
the ratio y^y^/y^ s l^ou^ ^ not vary greatly and reported values of 
K for the 1 ,10-phenanthrolium ion do not vary much with ionic
cl
strength.Further, for very dilute solutions, the ratio y^y^/y^ 
may be put equal to unity, whence,
Ka = h [B1 / f.BH+] (3.7)
The error involved in neglecting activity coefficients for such 
dilute solutions is probably negligible compared with the usual 
experimental errors'^ '*' and equation (3*7) may be identified with the 
thermodynamic acidity constant.
Nov/, the absorbance of a solution of B at a given pH will be
e-|ual to the sum of the absorbance of B and BH+ (assuming Beers 
■Law to hold and the absence of any other absorbing species) and we
may write
a = [bh+]i + £ 1 [b]i (3.8)
where 1 is the path length and S Q and are the respective molar
+
extinction coefficients of BH and B.
Let c be the total concentration of the base in both protonated 
and unprotonated forms, then 7
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[bh+] = c(h/(h + K )) (3-9)
a
and
[b ] = c(K /(h + K )) (3-10)
a a
and from equation (3*3) for cells of 1cm path length
A = ( £  ch/(h + K ) + £ ncK /(h + K )) (3.H)
o a l a  a
Setting Aq = E q c1 and A^ = £^cl we may write
A = (Ah + A-K )/(h + K ) (3-12)o l a  a
Equation (3*12) may be used, together with measurements of A^  
and/or A^, arid A for a series of solutions of different h, to 
determine Three distinct cases may be identified:
1. If both A^ and A^ are known, equation (3*12) may be rearranged 
to give
K = (A - A)h/(A - A ) (3-13)a o 1
56which is equivalent to the frequently used equation:
pK; = pH + log((A - A )/(A >  A)) (3-14)3 ,4. 0
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2. If Aq cannot be measured directly, equation (3*12)'may ..be 
rearranged to give
A - A + K (A - A)/h (3.15)0 a i
and a plot of A against (A^ - A)/h will give a straight line of 
slope and intercept Aq.
3. If A^ cannot be measured directly, equation (3-12) may be 
rearranged to give
A - A. + (A - A)h/K (3.16)1 o a
and a plot of A against h(AQ - A) will give a straight line of 
slope l/K& and intercept A^.
It is usual practice in spectrophotometric determinations of 
to use buffers to provide solutions of known h. Consider a 
buffer acid HA and the salt of its conjugate base, MA, where M is 
a univalent cation and let s = stoichiometric concentration of MA 
added and a = stoichiometric concentration of HA added.
The thermodynamic acidity constant, K^, of the buffer acid 
HA is given by
y}  = h [A-] y /  [ha] (3.17)
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For a solution of the base B in a HA-A buffer solution of 
known composition, the principle of electroneutrality demands that
[M+] + [SH+] + h = [OH"] + [A'] (3.18)
Now, [oil J [a J and combination of equations (3*9)1 (3.17) and 
(3«l8) gives
h = A/h2 - B/h - C (3.19)
where A = aK K^/y^; B = (K (sy^ + K^) + K^(c - a))/y^ and a a *7+’ a + a a 'v +
C = (y^(s + c + K ) + K )/y^ . The activity coefficients will+ B. 3. +
depend on the ionic strength of the solutions and have been calculated 
by use of the m o d i f i e d ^ D a v i e s  equation"*-^  in the form 
appropriate to single ions:
—Ior y . = A(t)(I^/(l + I*) - S(t)I') (3.20)
'>T ■
where I is the ionic strength and A(t) and S(t) are constants at a 
particular temperature. This procedure was satisfactory in the 
present case because ionic strengths were low and reliability in the 
values of A(t) and S(t) was not critical. Values of A(t) were 
taken from the literature"*^ and S(t) could be placed^ equal to
0.3 at every temperature. The ionic strength of each solution was 
calculated from
I = fi fh(K" + h + c)/(h + K )a a (3.21)
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The procedure used in the calculation of Kq from a set of 
absorbance measurements was as follows
1. Assume a reasonable value for K •a
2. Let y = 1 as an initial approximation.
3- Calculate an approximate value for h using the Henderson
equation
pH = pK1 + log(s/a) (3-22)B ■
k . Calculate a new value of h by successive approximation 
175(Newton-Raphson method ) from equation (3-19)•
5« Plot A against (Aq - A)h (equations (3-13) and (3*15) may
also be used) and find a new value of K (slope = l/K ) using theB B
method of least squares.
6. Calculate an approximation value of I from equation '(3*21) 
and hence find an approximate value of y+ from equation (3.20).
7* Calculate a new buffer value of h by means of equation
(3.19) and reneat stens k to 7 until the values of K obtained from
■ . ' * a
two successive calculations do not differ by more than 0.01$.
A computer program to perform these calculations was written 
in FORTRAN IV and is listed in Appendix A.I.
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The use of buffers to provide solutions of known hydrogen ion 
concentration is impractical at high temperatures. Knowledge of the 
temperature and pressure variation of the acidity constant of the 
buffer acid is needed, and this information is in general only 
available over a limited range. The problems associated with activity 
coefficient corrections for the relatively high concentrations of 
buffer species become more difficult and the possibility of reaction 
between buffer species and the compound under investigation increases, 
together with the probable increase in ion association at high 
temperatures. The availability of high speed computers allows the 
easy calculation of hydrogen ion concentrations and for most of the 
experiments described below the hydrogen ion concentration was varied 
by adding different amounts of perchloric acid. No correction for 
activity coefficients was applied since all solutions were very 
dilute, and as mentioned above the ratio w^^ere an(*
are the respective activity coefficients of H , B and BH ) for such 
isoelectric reactions is not expected to vary much with small changes 
in ionic strength.
Consider a solution of the base B in a dilute solution of a 
strong acid. HX.
Let p = stoichiometric concentration of HX added and assuming 
complete dissociation of HX the electroneutrality principle gives
0.23)
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Substituting from equation (3-9) we may write
h + c(h/(h + K )) = p (3.24)
&
which gives, after multiplying both sides by (h + K ) and rearranging,
h2 + (c + K - p)h - pK = 0 (3.25)a a
The procedure used in the calculation of Kq from a set of 
absorbance measurements on solutions of different HX concentrations 
was as follows
1. Assume a reasonable value for K .a
2. Calculate an approximate value of h from equation (3*25) 
either by successive approximation or using the standard formula 
for the roots of a quadratic equation.
3* Plot A against ' (A - A)h (equations (3.13) or (3*15). may
also be used) and find a new value of K by the method of leasta
squares.
4. Calculate a new value of h from equation (3*25) and repeat 
steps 2 to 4 until the values of obtained from two successive 
cycles do not differ by more than 0.01$.
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A computer program to perform these calculations was written 
in FORTRAN IV and is listed in Appendix A.2.
55 116Literature reports in recent years ■’ suggest that the 
hydrogen ion can associate with up to three phenanthroline molecules, 
although the existence of a species [h (1,10-phenanthroline)^ + is 
doubtful'.^^ The present method can be modified to make allowances 
for a higher order species such as I(l,10-phenanthroline)p ] +.
The approach may be considered analagous to the spectrophotometric 
determination of the overlapping dissociation constants of a di-basic 
acid and could be easily adapted to this use.
Consider a base B which reacts with the hydrogen ion according 
to equations (3 *26) and (3*27)•
B + H+ ^  BH+ (3-26)
B + BH+ B2H+ (3-27)
The thermodynamic equilibrium constants for these.two reactions, 
making the same assumptions with regard to activity coefficients 
as above, are
Kr = [ m +]/h[s]
and
K2 = [3?H+] / [ B ] K ]
(3.28)
(3.29)
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where is recognised as the reciprocal of the acidity constant
of the acid BH+.
.■Let c be the total concentration of B in all forms, then
c = [b ] + [bH+] + 2 [b2H+] (3.30)
and from equations (3.28) and (3-29) we may write
2KxK2h [b]2 + (F^h + 1)[b] - c = 0 (3.31)
Application of the standard formula for the roots of a quadratic 
equation gives
[b] = (((K^h+1)2 + S K ^ h c F  - ( ^ h + D J A ^ K g h  (3.32)
Combination of equilibrium law, electroneutrality and Beers 
Law exnressions in a manner similar to above leads to
S a ^ - A ^ h / h l V ]  = Aq1 ( c- [b] )/h [b ] + Kx(2Ao-A01) (3-33)
where A is the measured absorbance of an experimental solution 
and A^, A^ and Aq^ refer to BH , B and B2H respectively.
Further, if perchloric acid is used to provide solutions of 
varying h, we may write
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h = p/(I + kJ b ] + K ^ b]2) (3.3'0
where the symbols have the significance described above. The 
value of cannot be measured experimentally, but may be 
calculated, together with and K^, by an iterative procedure. 
Equation (3-33) predicts that a plot of 2(Ac - A^|j3])/h[B] against 
(c -[B])/h[B]will be a straight line of slope A ^  and intercept 
Kr(2Ao - Aq i ) and the procedure used to evaluate and K2 was as 
follows
1. Assume approximate values of K^, and h and calculate 
B from equation (3.22).
2. Calculate an improved value of h from equation (3-34).
(It should be noted that for experiments where buffers are used an 
expression anolagous to equation (3-19) may be derived for the 
present case.•)
3- Plot 2(Ac - A^[B])/h[Bj against (c -[B])/h[Bj and find the 
slope, a, and intercept, 0, by the method of least squares.
4. Calculate an improved value of from
Kx = 0/(2Aq - a) (3.35)
and repeat steps 1 to 4, with the same value of K2, until the values 
of obtained from two successive cycles do not differ by more than 
0.01#/
-  6k -
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5» Calculate the standard deviation, s(K^), of from
Otp = K1/p(K^(s2(a) + 4s2(Ao)) + s2(|3))^  (3-36)
2 2 2
where s (a), s (0) and s (Aq) are the respective variances of
a,6 and A .’ o
6. Repeat the whole procedure, varying the value of'K , .until 
a minimum ins(K^) is reached.
It will be noted that the equations derived above involve the
analytical concentrations of the various species involved, and these
concentrations will depend on the densities of the solutions. For
the purposes of calculation, it was assumed that all solutions were
sufficiently dilute that their temperature dependent properties
of density and dielectric constant approximated closely to those of
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pure water. Lown et al. used this assumption in their investigation 
of the temperature and pressure dependence of the volume of ionization 
of acetic acid and they quote the compressibility measurements of 
Gibson and Loeffler’*"^ and the density measurements of Ellis^^ in 
support. For example, Ellis' measurements indicate that at 200°C 
and 20 bar the density of a 0.01 M potassium chloride solution 
exceeds that of pure water by only 0.06$, and the present solutions 
were always more dilute than 0.01 M.
It is of course possible to avoid problems resulting from 
density changes by employing the molality scale of concentration,
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but at the expense of introducing other problems. The experimental
convenience of expressing compositions in molalities has led to its
use in expressions for equilibrium constants, solubilities, etc.
However, it should be noted that molality is not a true measure of
concentration (in the sense of particles per unit volume) as is
molarity; molality is only a relative measure of composition in
terms'.of a fixed amount of solvent. In a recent discussion on the 
120subject it was noted that the fundamental equations used in the
derivation of the expression for the equilibrium constant of a chemical
reaction by statistical mechanical methods, or by a kinetic approach,
require that the concentrations of the reactants and products be
expressed in molar concentration units. These authors also note that
although in practice the Debye-Huckel formula for the activity
coefficient of an ion is expressed in mole fraction, molal or molar
composition units, its theoretical derivation is based on the molar
121concentration scale. Bell and Gatty,* on the basis of a theoretical
treatment of the relation between molecular interaction and the
thermodynamic properties of solutions, concluded that the volume
120
concentration scale should be used. Quist and Marshall conclude 
that for self consistency in calculations involving ionic equilibria 
in aqueous solutions, the molar concentration scale is the most 
appropriate to use and the present work employs the molarity scale.
Using the extensive tabulations of the properties of water as 
a function of temperature and pressure, the analytical concentration 
of any species at elevated temperatures is readily calculable from
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'the-known concentration at 20°C. Letting C^, be the respective
P P
concentrations of a base B at 20°C and t°C and d^, d^ the
• .. P P •
respective densities of water at 20°C and t°C, then
cV-f = C20/d20 (3-37)
P P p  J)
Values of the density of water as a function of temperature 
and pressure used .in the calculations are shown in Table (3*2).
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Table 3*2.
Density of Water at Various Temperatures and Pressures
Temperature/°C Density/g cm~^
(ca. saturated 
vapour pressure 
(1 bar) (100 bar) of water) b
20 0.9982
2r> 0.9971
33 0.9948
35 0.9941
45 0.9903
60 O .9832
80 0.9718 0.9762
100 0.9584 0.9630 0.958
125 0.9443 O .939
150 0.9221 O .917
175 0.8975 0.893
200 0.8703 0.866
225 0.8401 O .836
250 0.8058 0.803
(a) Densities were calculated from the specific volume data of
122-124
Kennedy et al.
(b) Obtained by interpolation from the data of Kennedy et al.
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3.3 Experimental 
3*3«1 Apparatus
In the determination of the acid dissociation constants for the 
various phenanthrolium ions described three separate spectrophotometers 
were used. Measurements between 25 and k5°C were made on a Unicam 
SP3000 Automatic Ultraviolet Spectrophotometer (Pye Unicam Ltd.), 
those between 60 and 100°C were made on a Unicam SP1800 Ultraviolet 
Spectrophotometer (ifye Unicam Ltd.) and measurements between 100 
and 250°C were made on a modified Hilger H700 Spectrophotometer using 
the high temperature-high pressure optical cell described in Section 
2.2. Extreme care was necessary in making absorbance measurements 
at temperatures above 25°G and the experimental procedure is described 
in some detail.
The Unicam SP3000 instrument used for low temperature absorbance 
measurements is a single beam instrument of high accuracy with 
automatic correction for blank absorbance and calibration before
each measurement. Absorbance is displayed on a digital readout and
+ 125has a quoted precision of - 0.001 absorbance units. Experimental
solutions were contained in a flow-through quartz cell which enabled
solutions to be changed without removing the cell from the thermostated
cell holder. Temperature was controlled to - 0.5°C with a constant
temperature cell holder (Unicam SP3OO7).
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In a typical experiment using this instrument a set of 
experimental solutions (see below) contained in 100ml stoppered 
flasks, were equilibrated at the temperature of measurement in 
a water bath placed behind the spectrophotometer. Water at the 
appropriate temperature was circulated from this water bath through 
the constant temperature cell holder in the spectrophotometer and 
hence during a series of measurements all experimental solutions 
were held at the same temperature as the experimental cell and 
measurements could be made immediately after filling. The flow-through 
cell was filled and emptied by means of small bore teflon tubing 
connected to a water pump. Fresh solutions were introduced to the 
cell without removing the flasks containing them from the constant 
temperature water bath, solution being forced into the partially 
evacuated cell through a length of teflon tubing which extended from 
the cell to the back of the instrument. The cell was emptied and 
flushed with each fresh solution for approximately five seconds 
before measurements were made and no difference in absorbance could 
be detected between measurements made in this way and measurements 
made after filling a clean, dry cell.
The Unlearn SP1800 instrument used for absorbance measurements 
at temperatures between 60 and 100°C is a double beam grating 
instrument of lower precision than the Unicam SP3OOO. Absorbance is 
normally displayed on a meter of insufficient precision for the 
present work and the facility for digital readout provided with this 
instrument was used. Absorbance was displayed to three decimal 
places on a Weir digital voltmeter and Table 3*3 illustrates the *
performance of the instrument with respect to accuracy and 
reproducibility using standard solutions of potassium dichromate 
as reference solutions. It should be noted that the accuracy of 
the absorbance readings is not critical in the present study since 
a difference term in absorbance is used in the calculations. At 
temperatures other than 25°C (to which Table 3*3 refers) the 
reproducibility and linearity of readings (assessed with the aid 
of potassium dichromate solutions and assuming the validity of the 
Beer Lambert Law) remained acceptable.
Absorbance measurements were taken using matched lcm Unicam
"Spectrosil11 quartz cells with teflon stoppers and temperature was 
+ o
controlled to - 0.5 C with an electrically heated constant temperature 
cell holder (Unicam SP87O) which was calibrated regularly against 
independent measurements of the temperature of the solutions in the 
cell. In a typical experiment the cell holder was brought to the 
required temperature and one of the two cells filled with experimental 
solution (see below). The blank cell contained either water or a 
reference solution of perchloric acid of the same concentration as 
the total acid concentration in the experimental cell (perchloric 
acid does not absorb at the wavelengths of interest and the measured 
absorbances were the same whether water or a perchloric acid solution 
was used in the blank cell). The teflon stoppers were then fitted 
loosely in the cells and both cells placed in the cell holder in the 
spectrophotometer. After approximately one minute the stoppers were 
pushed securely into the cells to prevent loss of water by evaporation
pto
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during measurement. The one minute delay in securing the stoppers 
was found necessary to prevent cracking the necks of the cells as 
the teflon expanded. The absorbance of the solution was continually 
displayed on the digital voltmeter and steady absorbance readings 
(to ± 0.001 units) and hence equilibrium were obtained in about 
thirteen minutes at the highest temperatures used. All solutions were 
made up in duplicate and the absorbance used in the calculations was 
the average of the two readings. At the higher temperatures the base 
line of the instrument was found to drift by as mush as 0.005 units 
over the time required to make a series of measurements and the following 
procedure was devised to overcome this difficulty. After the instrument 
had been thoroughly warmed up (at least two hours) and the cell holder 
brought to the required temperature, the zero was adjusted with both 
cells being filled with water and this setting was not changed over 
the whole series of measurements. The cell in the measuring beam was 
then taken out, leaving the blank cell in position, and the negative 
absorbance of the blank cell against air was noted. (It is possible to 
measure small negative absorbance with the SP1800). The experimental 
cell was then filled with the appropriate solution and measurements 
taken as described above. Immediately after measurement of the solution 
absorbance, the cell was removed from the measuring beam and the 
absorbance of the blank cell against air again noted. In this way any 
base line drift could be detected and the measured absorbance corrected. 
This procedure was repeated for each of the solutions involved in the 
determination. Wherever possible absorbance measurements on a set of 
solutions were made immediately after make-up, and in no case more than
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one day after make-up. It was found that the spectra of solutions, 
particularly those with an appreciable concentration of protonated 
base, showed changes over a period of five or six days but absorbances 
were reproducible within experimental error up to twenty four hours 
after make-up.
The experimental procedure used for measurements above 100°C has 
been described in Section 2.2.
3-3*2 Materials
Glassware (and the windows for the high temperature cells) which 
came into contact with the solutions was cleaned thoroughly before use 
by soaking for at least twenty four hours in "Decon 73” and rinsing 
with distilled deionized water. All volumetric glassware used in 
solution preparation was grade A and was used without further calibration.
Perchloric Acid: Fisons MABn perchloric acid (70-7290 was used.
Solutions approximately 0.1 M in perchloric acid were made up from the
concentrated acid and standardized against borax according to standard 
127procedures. Stock solutions of the required concentrations were 
made by dilution of the standardized acid.
1,10-Phenanthroline: Samples of 1,10-phenanthroline monohydrate
were obtained from two sources. The first, quoted at 95% purity,
(Aldrich Chemical Co. Inc.) was recrystallized three times from 95#
aqueous ethanol using charcoal as a decolourising agent. After thorough
drying over ^ ^ 5  in vacuo the material melted sharply at 119-119-5°C
128 o(Literature value for anhydrous 1,10-phenanthroline quoted as 117 C).
The second, obtained from Koch-Light Ltd. (puriss AR), was used without
further purification. Identical values for the pK of the phenanthrolium
■ S'
ion were obtained with both samples. Conductimetric titration against 
perchloric acid (Figure 3-3) provided further evidence for the purity 
of the recrystallized 1 ,10-phenanthroline and confirmed the conclusion
87of Lee et al. that only one proton is added to the phenanthroline 
molecule in the pH range studied.
300
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Moles of acid added per mole of phenanthroline
Figure 3 .3 - Conductimetric titration of 1,10-phenanthroline
with perchloric acid
-7 5  -
5,6-Dimethy1-1,10-Phenanthroline: Supplied as the anhydrous
material by Koch-Light Ltd. (puriss AR) and used without further 
purification.
? mot h;/l-l ,10-Phenan thro line: Supplied as the hemi-hydrate
by Koch-Light Ltd. (puriss AR) and used without further purification. .
5-Nitro-1,10-Phenanthroline: Supplied by Hopkin and Williams Ltd. 
and recrystallized twice from 95$ aqueous ethanol before use.
Acetic Acid: Analar glacial acetic acid (B.D.H. Ltd.) was used
without further purification. Stock solutions of approximately 0.*t M 
were made up from the concentrated acid and standardized against B.D.H. 
Volumetric Standard NaOH solution (carbonate free) using phenolphalein 
indicator.
Sodium Acetate: Analar anhydrous sodium acetate (B.D.H. Ltd.)
was used without further purification. Stock solutions were made up by 
dissolving an accurately known mass of the dried compound in the 
appropriate volume of water. The concentration of stock solutions of 
sodium acetate v/as Checked by potentiometric titration with standardized 
HG1. No difference could be detected between these determinations and 
the concentration calculated on the basis of the mass of sodium 
acetate dissolved.
- 76 -
3*3*3 Solution Preparation
Water used for making up all the solutions was doubly distilled 
and passed through a mixed bed ion exchange resin (Zerolit DM-F 
(indicator), B.D.H. Chemicals Ltd.) It was then boiled out and allowed 
to cool in the presence of a slow stream of nitrogen and thereafter 
stored under nitrogen before use.
Stock solutions of all the bases were prepared from the anhydrous 
compound. All the bases, especially 1,10-phenanthroline, are hygroscopic 
and the following procedure was used in making up solutions: The
approximate mass required for a stock solution was weighed into a tared 
glass weighing bottle with a tightly fitting lid. The bottle containing 
the base was then placed in a drying pistol and heated in vacuo over 
P^ Op. at 50°C for 2 h. After allowing the apparatus to cool to room 
temperature the bottle containing the base was removed and its lid 
immediately fitted. The weight of anhydrous base was then determined 
and transferred quantitatively to a volumetric flask (l litre) and the 
solution made up to the mark with water.
Experimental solutions were made up in 100ml volumetric flasks.
The appropriate volumes of stock solution of base and perchloric acid 
(or sodium acetate/acetic acid buffers) were transferred to the flasks 
with pipettes or burettes and the solutions made up to the mark. In 
those determinations where sodium acetate/acetic acid buffers were used 
to give solutions of the required pH, values of pK for acetic acid9
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from 25 to *f5° were obtained by interpolation from the data of Lown
The method of calculation employed requires that the absorbances
of solutions where all the base is in the unprotonated form or all
the base is in the protonated form be known (Section 3.2) The
absorbance of solutions of fully unprotonated base were obtained in
solutions ca. ^ x 10 '^ ’M in sodium hydroxide in all cases. Variations
in hydroxide- ion concentration from ca. k x 10 to 2 x 10 M had no
detectable effect on the measured absorbance. At higher temperatures
this was not verified because such high hydroxide concentrations would
attack the windows used and chemical reaction with the base itself is
likely. In any case all the compounds studied become weaker bases as
the temperature is increased and at the very highest temperatures even
lower concentrations of hydroxide ion were used to minimise attack on
the cell windows. The absorbance of solutions of fully protonated base 
— 2were measured in 10 M perchloric acid. Variations in perchloric acid
-2 -i
concentration from 10 to 10 M had no ^ detectable effect on the
measured absorbances. At acid concentrations much greater than 10”^ M
9 2the reported values for the ionization constant of the second 
protonation step indicate that the diprotonated species becomes important 
and measurements were not made beyond this concentration. At the 
higher temperature (>100°C) the concentration of perchloric acid 
needed to keep all the base in its fully protonated form becomes 
excessively high (eg. a solution 2 x 10 M in 1,10-phenanthroline at
200 C (pK = 3.8*f) would require an acid concentration of ca. 3 x'10" M 
for 99-9$ protonation) and for calculations at higher temperatures the 
absorbance of solutions of the unprotonated base was generally used in 
calculations. •
i ■
3*3»^ Choice of Analytical Wavelength
The method used for the determination of acidity constants involves 
a difference terra in absorbance during calculations and the best choice 
of the wavelength of measurement (the analytical wavelength),in the 
absence of other considerations, is that wavelength at which the free 
base and the protonated base differ most in absorbance from one another. 
The ideal analytical wavelength is that at which the one species absorbs 
strongly, and ihe other has no absorption at all. As this condition 
is rarely met,\it is best to choose a wavelength where there is (l) a 
big difference 1 in absorbance between the species, and (2) where in both 
species the absorbance changes only slightly with changes in wavelength.
Figures J>.k - 3*7 show the u.v. spectra at various pH values of 
the four bases studied and list the wavelengths chosen for measurement. 
If possible, more than one analytical wavelength was chosen for each 
compound to provide an internal check on the consistency of the 
determinations and as a check on the existence of equilibria other 
thap those considered in the calculations.
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3*3*5 Autoclave Experiments
Autoclave tests of thermal stability of aqueous solutions of some 
bases were carried out in a ''Cook1' hydrogenator (Chas. W. Cook and 
Son Ltd., Birmingham) which is basically a stainless steel cylinder 
connected via high pressure tubing to a gauge and gas cylinder 
connection. A cap is sealed onto the cylinder by eight bolts 
compressing a copper ring. A thermocouple pocket extends to the 
centre of the cylinder. The apparatus, which is supported vertically 
in a heating jacket, has a capacity of 250ml and can be used to 300°C 
and 500 bar.
For the present experiments, it was necessary to isolate a volume 
of test solution from the walls of the autoclave. This was achieved 
by placing the solution in a clean platinum crucible fitted with an 
efficient lid and placing this crucible inside a larger one. The 
assembly was placed in the bottom of the autoclave which contained 
about 20ml of water, the latter being to prevent significant amounts 
of the solutions distilling from the crucibles upon heating. To exclude 
atmospheric oxygen a comprehensive nitrogen flushing procedure was used 
which involved flushing all pipework, apparatus and solutions with 
B.O.C. "white spot” nitrogen for about 0.5 h. After flushing, the 
apparatus was pressurized to 25 bar with nitrogen, a procedure which 
ensured that the test solutions did not reach saturation vapour 
pressure under working conditions.
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The autoclave was cleaned by heating at J>00°C under pressure in 
direct contact with 20ml of 0.05 M EDTA solution. Initially, the 
resulting solutions were coloured orange, presumably owing to complex 
formation. Thereafter they were colourless but had the stong odour 
characteristic of amines.
During a typical experiment the autoclave, containing about 20ml 
of test solution in the platinum crucible, was brought to J>00°C 
(lAO bar) over about 1.25 h, the temperature thereafter being maintained 
for 1 h with the aid of a Eurotherm controller. The apparatus was 
allowed to cool over about 5 h. The autoclave was usually adequately 
pressure tight and the residual 25 bar of nitrogen remained after 
cooling. This was bled off with great care to avoid splashing.
Small amounts of material generally found their way from the 
crucibles to the body of the autoclave. This precluded purposeful 
quantitative analysis of the test solutions after heating. Spectra 
of the solutions before and after heating were measured with a Unicam 
SP800 spectrophotometer.
Test solutions of the four bases studied were ca. 2 x 10 M in 
base and 10 M in perchloric acid. The maximum temperature at which 
spectra were reproducible before and after heating were:
1,10-phenanthroline, 300°C 
5-nltro-l,10-phenanthroline, l80°C 
2,0-ciLmethyl-l,10-phenanthroline, 180 - 200°C 
') />-d imdthyl-l,10-phenanthroline, 180 - 200°C.
- 8l -
The properties of the solutions were largely unchanged after heating 
to the above temperatures. Minor differences were found in the u.v. 
spectra after heating which may be attributed to oxidation by 
perchlorate. For the substituted phenanthrolines, temperatures in 
excess of those given above resulted in extensive decomposition, 
revealed by drastic changes in their u.v. spectra.
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3.^ Results
The detailed experimental results for the determination of the
acidity constants of the four bases studied are listed in Sections
3.^.1. to For each set of results given: A = absorbance ofo
a solution where all the base is present as BH , A^ = absorbance of
a solution where all the base is present as B, and A = absorbance of
an equilibrium mixture of BH and B at the temperature of measurement;
O m 3C = total concentration of base in all forms at 20 G (mol dm ), Tjj+ = 
total concentration of hydrogen ion at 20°C = p (mol dm""^ ), h = 
equilibrium concentration of hydrogen ion at the temperature of 
measurement (mol dm ■"*)., and A = wavelength of measurement.
Figures 3.S to 3•11 give a representative example of a plot of the 
appropriate function used to calculate K for each base and Tables 3»^d
■to 3.7 give a summary of the calculated values for K for each compounda
at each experimental temperature. The values of pK listed in Tablesa
3.^ to 3-7 are the mean of individual values of pK calculated from* a
equation 3*1^ for each experimental point. The standard deviations, 
s(K ) and s(pK ) of K and pK respectively, have been.calculated
3 3 3 3
in the usual v/ay (Section 3*2).
3.A.1 1,10-Rienanthroline
Aq = 1.027; A1 = 0.151; 
10/fTH+(20°C) A
1.000 0.5388
1.A00 O.669O
1.700 O.7A7O
2.000 O.8IA5
2.300 0.8630
2.700 0.9087
3-000 0.9302
pK = A.815, s(pK ) - O.OOA;a a
25°C
-A
C = 2.000 x 10 -M; A = 3lOnm
lO^CA -A)h loSio
O .587 0.120
0.789 0.220
0.929 0.332
1.02A O.A82
1.100 0.671
1.1A9 0.971
1.182 1.221
K = 1.532x10"5, s(K ) = 0. a ■ a
= 1 .028; AL = O.I58; C = 2.000 x 10”V A = 310nm
0 .A00 0.3230 0.2A5 0.035
0.800 O.A6A5 O.A86 0.086
1.200 ; 0.6002 0.712 0.166
1.600 0.7273 0.881 0.293
2.00 0.8227 O .996 O.A85
2 .A00 0.8755 1.136 0.7A5
035xl0"5
pK = A.809, s(pK ) = 0.008; K = 1.552x10"*^, S (K ) = 0.053xl0~5a a • a a
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35°C
Aq = 1.025; ^  = 0.154; C = 2.000 x 10~V A = 310nm
10^TU+(20°C) A 105(A -A)h loSi
n  O
1.000 0.5315 0.679 0.138
1.400 O .6570 0.909 0.247
1.700 0.7320 . 1.067 0.364
2.000 . 0.7977 1.177 0.518
2.300 0.8450 1.272 0.707
2.700 O .8918 1.336 1.003
3.000 0.9157 1.365 1.249
pK =4.740, s(pK )=  0.004; K = 1.8l8xlO*"5, s(K ) = 0.043xl0~5 a a a a
Aq = 1.030; A1 =0.160; C = 2.000 x lO^M; A = 310nm
0.400 0.3200 0.295 .0.041-
0.800 O.459O O .582 0.102
1.200 0.5908 0.846 0.193
1.600 0.7140 1.042 0.330
2.000 0.8070 1.177 0.528
2.400 0.8570 I.36O 0.786
pK = 4.722, s(pK ).= 0.008; K = 1.899X10"5, s(K ) = 0.076xl0“5
a a a a
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45°C
A - = 1.022; A1 = 0.153; C = 2.000 x 10“V  A = 310nm
10ZfT„+(20°C) A lO^CA -A)h loSi
n O
1.000 0.5220 0.761 0.152
1.400 0.6452 1.012 0.269
1.700 0.7182 I.I86 O.39O
2.000 O .7818 1.311 0.546
2.300 O .8288 1.419 O .734
2.700 0.8750 1.510 1.027
3.000 : 0.9027 1.516 1.270
pK = 4.684, s(pK ) = 0.006; K = 2.072xl0”5, s(K ) = 0.064xl0~5 a a a a
Ao = 1.025; A1 = 0.163; c = 2.000 X lO^M; \  = 310nm
0.400 0.3145 O .355 0.050
0.800 0.4490 0.696 0.121
1.200 0.5758 1.005 0.224
1.600 O.696O 1.225 0.372
2.000 0.7870 1.371 O .576
2.400 O.828O 1.643 0.834
pK = 4.525, s(p'K ) = 0.010; K = 2.983X10”5, s(K ) = 0.l46xKf5a a a a
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65°C
Aq = 1.026; ^  = 0.192; C = 1.971 x lO^M; X = 310nra
10/+TU+(20°C) A 105(A -A)h loSi
il O
1.000 0*524 1.012 0.202
1.500 0.658 i.4l4 0 . 38k
2.000 0.766 1.673 0.643
2.500 0.827 1.941 0.976
3-000 0.872 2.098 1.362
4.000 O .929 2.161 2.228
pK = 4.525, s(pK ) = 0.009; K = 2.983xlO~5, s(K ) = 0.l46xl0“5
3. 3 3 3
86 °C
Aq = 1.021; Ax = 0.202; C = I .971 x lO^M; X = 310nm
1.000 0.499 1.298 0.249
1.500 0.623. 1.802 0.453
2.000 0.726 2.131 0.722
2.500 O .789 2.442 1.052
3.000 O.83O 2.730 1.429
4.000 0.895 2.859 2.269
pK = 4.388, s(pK ) = 0.010; K = 4.097x10~5,. s(K ) = 0.203x10“5 a a a a
- 87 -
100°C
Aq = 0.477; ^  = 0.054; C = 1.997 X lO’^M; A = 330nm
10ifTtr+(20°C) A 105 (A -A)h 10 Vn. o
1.503 0.259 1.113 0.510
1.851 0.294 1.274 0.696
2.478 O.33A 1.565 1.094
3.116 0.371 1.659 1.565
4.167 0.400 1.872 2.431
pK = 4.269, s(pK ) = 0.009; K = 5.389xlO"5 , s(K ) = 0.385x10''5 a a a a
Aq = 0.929; A1 = 0.097; C = 1.997 x K r V  X =315nm
1.503 0.506 2.133 0.504
1.851 O .571 2.467 O .689
2.478 0.651 3.021 1.087
3.116 0.721 3-241 1.558
4.167 O .782 3.565 2.425
pK = 4.280, s(pK ) =0.009; K = 5.253xlO~5, s(K ) = 0.3l6xl0“5a a a a
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107°C
Aq = 1.012; A1 = 0.207; C = I.97I x 1 0 ~ V  A = 310nm
10ZfTu+(20°C) A 105 (A -A)h l o \
n O
1.000 0.476 1.578 0.294
1.500 O .587 2.196 0.517
2.000 0.682 2.624 0.795
2.500 0.743 3.023 1.124
3.000 O .787 3.358 1.492
4.000 . 0.857 3.578 2.308
pK = 4.266, s(pK ) =0.008; K = 5.425xlO“5 , s (K ) = 0.2l4xl0“ 5
d i ' Q . Q i d .
125°C
Aq = 0.427; A1 = O.03I ; C = 1.864 x l O ’^M; A = 330nm
1.562 0.228 1.199 0.603 '
2.082 0.265 1.479 0.913
3.123 0.321 1.760 1.660
4.684 0.358 2.040 2.957
6.246 0.378 2.127 4.341
pK . = 4.209, s(pK ) = O.OO8; K = 6.173xlO"5, s(K ) = 0.230xl0"5a a a a
- 89 -
125°C
Aq = 0.811; A1 = 0.077; C = 1.864- x lO’^M; X = 315nm
10ifTu+(20°C) A 105(A -A)h l o V
n O
. -1.562 0.444 2.189 O .596
2.082 0.5II 2.716. . 0.906
3.123 0.615 3.239 ' 1.653
4.684 0.680 3.866 2.951
6.246 O .728 3.599 4.336
pK = 4 . 2 1 1 , ; s(pK ) = 0.010; K = 6.151xlO~5 , s(K ) = 0.246xl0“5
a 3 3 3
150°c
Aq = 0.604; ^  = 0.189; C = 1.993 x lO^M; A = 330nm
I .503 0.356 1.599 0.645
1.851 O .385 1.848 0.844
2.478 0.424 2.238 1.243
3.116 0.449 2.626 1.694
4.167 0.492 2.806 2.505
7.981 0.545 3.401 5-764
pK =4.018, s(pK ) = 0.015; K = 9-587xlO“5 , s(K ) = 0.539xl0-5x a 3 a a
- 90 -
150°C
AQ = 1.025; A1 =0.229; c = 2.007 x lO^M; X = 315nm
l oV+(20°C) A 105 (A -A)h loSi
n O
1.507 0.561 2.896 0.624
1.846 0.612 3.365 O .815
2.478 . 0.686 4.112 1.213
3.109 0.744 4.656 1.657
4.167 0.808 5.366 2.473
6.594 O .899 5.694 4.519
pK = 4.051, s(pK ) = 0.010; K = 8.889xlO~5 , s(K ) = 0.637xl0“ 5
cl . S Si cl
Ao - 0.480; A ■' - 0.067; C = 1.993 x 10”\ ;  A =■ 330nm
I.50V  0.232 I.61O 0.649
1.851 0.261 1.859 0.849
2.478 0.300 2.248 1.249
3.116 0.325 2.635 1.700
7.981 0.421 3.403 5.768
pK = 4.011, s(pK ) = 0.010; K = 9.748xlO“5, s(K ) = b.520xl0~53 S' a 3
- 91 -
150°C
Aq = 894; A1 = 0.124; C = 2.007 x lO^M; X = 315nm 
l o V I+(20°C) A 105 (A -A)h l o \
ii o
1.5.07 0.430 3.OII 0.649
1.846 0.481 3.480 0.843
2.478 0.555 4.239 1.250
3.109 0.613 4.746 1.689
;4.167 0.677 5.432 2.503
pK =4.010, s(pK ) = 0.003; K = 9.772xlO~5 , s(K ) = 0.150xl0" 5 
a a a a
175°C
AQ = 0.798; Ax = 0.127; 0 = 1.864 X  lO'^M; X = 315nm
1.562 0.394 2.943 0.729
2.082 0.457 3-559 1.047
3.123 0.542 4.507 1.764
4.684 0.615 5.409 2.972
6.767 O .672 5.900 4.701
—4 —>4
pK = 3.962, s(pK ) = 0.006;. K = 1.092x10 , s(K ) = 0.027x10
a a a a
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200°C
Aq = 0.462; . Ax = 0.078; C = 1.974 x 10“V v  A = 330nm
10ZfTu+(20°C) A 105(A -A)h l o \n O
1.562 0.215 • 1.818 O .736
2.811 0.2 8 7 . 2.647 1.517
4.164 0.329 3.322 2.489
5.413 0.356 3.661 3.454
6.662 0.376 3.832 4.456
p K  = 3.886, s ( p K  ) = 0.009; K  =1.300x10”^, s ( K  ) = 0.054x10~k
3 3. 3 3
Aq - 0.818; Ax - 0.199; C = I.997 x lCf^M; A ~ 315nm
1.503 0.339 2.016 0.723
1.851 0.365 2.341 O .925
2.478 0.397 2.915 1.319
3.116 0.433 ' 3.238 1.750 •
4.I67 0.466 3.818 2.512
7.981 0.532 4.772 5.549
pKa = 3.845, s(pKa ) = 0.009; \  = 1.430x10’^, s<Ka ) =0.044x10"^
- 93 -
200°C
Aq = 0.597; \  = 0.260; C = 1.989 X 10’^M; A = 330nm
102fTu+(20°C) A 105(A -A)h loV
n O
1.507 0.356 1.797 O.747
1.846 . 0.382 2.033 0.948
2.487 0.419 2.404 1.354
3.109 i 0.447 2.648 1.777
4.167 0.479 2.990 2.545
6.594 0.504 4.111 4.444
pK = 3.801, s(pK ) = 0.020; K = 1.573xlO“V  s(K ) = 0.279x10"^
3 S 3 3 .
Aq = 0.482; Ax = 0.065; C = 1.997 x lO^M; A = 330nm
1.851 0.229 2.346 O.927
2.478 O.26I 2.920 1.321
3.116 0.297 3.243 . 1.753
4.167 0.330 3.822 2.514
7.981 O.396 4.774 5.551
pK =3.842, s(pK ) =  0.010; K = 1.439xlO”V  s(K ) = 0.060x10”^
3 3 3 3
-94 -
225°C
A ■ = 0 .285; = 0.050; C = 1.974 X  1 0 " V  X = 340nm
10^TU+(20°C) A 105(A -A)h loSi
xl O
I .562 ‘ 0.127 1.217 0.771
2.811 0.161 1.914 1.543
4.164 0.1'95 2.237 2.483
5.413 0.206 2.697 3.410
p K  = 3 .794 , s ( p K  ) = 0 .010; K  = 1 .6 0 5 x l0 ~ \  ' s ( K  ) = 0.232x10” ^ a a a . a
_k
Aq = 0.459; Ax = 0.105; C = 1.974 x 10 M; A = 330nm
1.562 0.222 1.828 0.772
2.811 4 0.275 2.871 . 1.544
4.164 0.322 ' 3.591 ■ 2.484
5.413 0.340 4.048 3.410
pKa >  3.793, s ( p K  )■= 0.015; K  = 1 .6 0 9 x l0 ” \  s ( K  ) = 0.224x10"^ a a a
- 95'-
250°C
Aq = 0.971; A± = 0.440; C = 2.007 x lO^M; A = 315nm 
l o V + ( 20°C) A 105(A -A)h lO^hn o
1.507 0.571 3.213 0.803
1.846 0.607 3*654 1.004
2.487 0.633 4.733 1.400
3.109 0.672 5.389 1.802
4.167 O.69I 7.052 2.519
6.594 0.796 . 7.462 4.264
pK = 3 .624, s(pK ) = 0.040; K = 2.378xlO~\ s(K )=0.453xlO‘2f
cl EL 8 l EL
Ao = 0.718; A± = 0 .I3I; C = 1.924 X 10~^M; A = 315nm
1.505 0.291 3.339 O .782
1.857 O .333 3.806 O .989
2.483 0.364 4.865 1.374
3.109 0.396 5.730 1.780
6.452 0.527 7.928 4.151
pK = 3.690, s(pK ) = 0.020; K = 2.043x10“ ,^ s(K ) = 0.155x10"^a a a a
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250°C
AQ =0.405; = 0.089; c = 1.924 X 10“^; A - 330run
loV.+teO0*:) A 105(A -A)h lO^hn o • '
1.857 0.207 1.832 0.926
2.483 ' ' ' 0.222 2.382 1.302
3.IO9 0.245 2.723 1.702
4.164 0.291 2.755 2.416
6.452 0.315 3.668 4.076
pK = 3.795, s(pK ) = 0.040; K = 1.605x10"^, s(K ) = 0.394x10^a. a a a
A = 0.469; \  = 0.165; C = 2.007 x KfSl; ' A = 330nm
1.507 0.235 1.907 0.815
1.846 0.264 2.086 1.018
2.487 0.272 2.790 1.416
3.109 0.287 3.312 1.820
6.594 0.359 4.711 4.283
pK = 3.601, s(pK) =0.040; K = 2.506xlO~\ s(K ) =  0.326x10“^ 
a a a a
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Table 3*4
Acid Dissociation Constant of the 1,10-Fhenanthroiium Ion
25 - 250°C
Temperature lO^K pK s(pK )
a a a
°C °K
25 298.15 1-542 4.812 0.008
35 308.15 I .858 4.73I 0.008
45 318.15 2.212 4.655 0.008
65 338-15 2.989 4.525 0.009
86 359.15 4.097 4.388 0.010
100 373.15 5.321 4.274 0.009
107 380.15 5-425 . 4.266 0.008
125 398.15 6.173 4.21 ; 0.01
150 423.15 9.492 4.02 0.01
175 448.15 10.92 3.96 0.01
200 473.15 14.33 3-84 0.02
225 498.15 16.08 3.79 0.02
250 523.15 20.88 3.68 0 .10
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3*4.2 3-Nitro~l,lQ»Hienanthroline
25°C
Aq= 0.694; ^  = O.986; C = 2.512 x 10~5M; X = 230nm
loV.+(20°C) A 105(A -A)h loSin o
1.041 0.940 -2.462 l.OOl
2.082 0.909 -4.325 2.012
3.435 0.875 -6.037 3.355
6.246 0.831 -8.365 6.106
7.495 0.816 -8.957 7-342
8.859 O .808 -9.9II 8.694
10.41 . 0.794 -10.23 10.23
11.97 O .787 -10.96 11.78
15.62 0.770 -11.72 15-42
pK = 3.266, s(pK ) = 0.009; K = 5.4l8xlO~V s(K ) = 0.106x10"^a a a a
Aq = 0.629; A1 = 0.845; C = 2.512 x 10“5M; X = 240nm
1.041 0.809 -1.804 1.000
2.082 0.787 -3 .I86 2.010
3.435 0.761 -4.417 3-333
4.789 0.744 -5.388 4.665
6.246 0.728 -6.073 6.104
7.495 0.718 -6.569 7.340
8.859 0.711 -7.171 8.692
10.41 0.701 -7.418 10.23
11.97 0.695 -7.835 11-78
15.62 0.684 -8.555 15.41
pKa =' 3.280v s(pKa)= 0.008; Ka - 5.243x10"^, stfO = 0.090x10”^
- 99 -
25°C
A = 0.518; 
°
^  = 0.654; C = 2.512 x 10~5M; X = 251nm
loS^+teo^) A 105(A -A)h 0
Zf
10 h
1.041 0.632 -1.140 1.000
2.082 0.618 -2.010 2.010
3.435 0.601 -2.767 3.334
4.789 0.590 -3-359 4.665
6.246 O.58I -3.845 6.104
7.495 0.574 -4.110 7.340
8.859 0.570 -4.520 8.692
10.41 0.564 -4.707 10.23
11.97 0.560 -4.949 11.78
15.62 0.553 -5.395 15.41
pKa = 3.278, s(pK ) = 0.009; K8l . 8l = 5.273x10"^, s(K ) a = 0.091}
35°C
A .■= 0.689;0 ’ A1 = O.989; C = 2.512 x 10~5M; X = 230nm
1.041 0.948 -2.594 1.002
2.082 0.917 -4.587 2.012
3.455 O .883 -6.466 3.333
4.789 0.860 -7.971 4.661
6.246 0.840 -9.205 6.096
7.495 0.824 -9.893 7.328
8.859 0.814 -IO.85 8.676
10.41 0.801 -11.44 10.21
11.97. . 0.794 -12.34 11.76
15.62 0.775 -13.22 15.38
pK& = 3.210, s'CpK ) = 0.008; K3 St = 6.l64xlO*J+, s(K ) a = 0.102
,-4
A -
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35°C
Aq = 0.624; Ax = 0.843; c = 2.512 x 10“5M; X = 240nm
loV+(20°C) A 105(A -A)h loVn o
1.041 0.811 -1.865 1.000
2.082 O .788 -3.295 2.009
3.435 O .763 -4.628 3.330
4,789 0.747 -5.729 4.658
6.246 0.731 -6.549 6.092
7.495 0.720 -7.032 7.325
8.859 0.713 -7.719 8.673
10.41 0.703 -8.064 10.21
11.97 0.697 -8.580 11.75
15.62 0.684 -9.225 15.37
pK = 3.236, s(pK ) = 0.008; K = 5.802xl0~V s(K ) = 0.082x10"^  a a a 7 a
Aq = 0.516; A^ = O.656; C =2.512 x 10~^M; X = 251nm
1.041 ' O .636 -1.201 1.001
2.082 0.622 -2.I3I 2.011
3.435 0.606 -2.998 3.332
4.789 0.595 -3.681 4.660
6.246 O .586 -4.266 6.094
, 7.495 0.579 -4.616 7.327
8.859 0.574 -5.031 8.675
10.41 O .568 -5.309 10.21
11.97 0.564 -5.643 11.76
15.62 . 0.550 -5.997 15.38
pK = 3.222, s(pK ) = 0.007; K = 6.003xl0“\  s(K ) = 0.079x10“^ » £1 & . &
- 101
45°c
A =0.686; 0 ’ A^ =• 0.991, C = 2.512 x 10"5M; A = 230nm
loS^+teo^) A 105(A -A)h 0
4
10 h
1.041 0.956 -2.702 1.001
2.082 0.924 -4.781 2.009
3.^35 0.890 -6.785 3.326
4.789 0.862 -8.184 4.650
6.246 0.848 -9.848 6.079
7.493 O .832 -IO.67 7.307
8.859 0.822 -11.76 8.649
10.41 0.808 -12.42 10.18
11.97 0.800 -13.36 11.72
15.62 O.78O -14.40 15.32
PKa = 3.165, s(pK ) = 0.010; a K = 6.840x10"**, a ’ s(Ka) = 0.17^
A = 0.620; 0 ’ A1 = 0.839; C = 2.512 x 10"5M; A = 240nm
1.041 0.812 -I.92O 1.000
2.082 O .789 -3.393 2.007
3.^35 0.765 -4.820 3-324
4.789 0.747 -5 .9O3 4.648
6.246 0.735 -6.989 6.077
7.495 0.723 -7.524 7.305
8.859 0.716 -8.302 8.648
10.41 0.706 -8.752 10.18 .
11.97 0.700 -9.373 11.72
15.62 0.686 -10.11 15.32
,-4
pK = 3.179,: s(pK ) = 0.010; K = 6.627x10"^, s(K ) = 0.113x10“^3 d 3 3
- 102 -
4 5°c
Ao = 0.541; = 0.657; C = 2.512 x 10_5M; A = 251nm
loV,+(20°C) A 105(A -A)h l o \
n O
1.041 0.640 -1.256 1.001
2.082 0.625 -2.219 2.008
3.*+35 0.609 -3.1*+3 3.325
* 4.789 0.599 -3.929 4.649
6.246 0.590 -4.589 6.078
7.495 0.582 -4.932 . 7.306
8.859 0.577 -5.406 8.649
10.41 0.571 -5.750 10.18
11.97 O .568 -6.269 11.72
15.62 0.558 -6.666 15.32
pK = 3.169, s(pK ) = 0.010; K =  6.771x10“**, s(K ) = 0.149x10“**» s s
A = 0 .985; An = 0.565; c = 2.512 x 10“5M; X= 280nmo 1
1.041 0.617 3.690 I .003
2.082 0.654 6.659 2.012
3.*+35 0.694 9.690 3 .33O
6.246 O .756 13.93 6.084
7.495 0.774 15.43 7.311
8.859 0.792 16.70 8.654
10.41 • 0.809 17.92 10.18
11.97 0.825 18.76 11.72
15.62 0.848 21.00 15.33
pK = 3.135, s(pK ) = 0.008; K = 7.523x10“**, s(K ) = 0.084x10“**a ?! a a
45°C
A = 0.556; Aj = 0.267; C = 2.512 x 10'5«; X = 290nm
10**T,,+(20°C) A 10^(A -A)h 10 h
H o
1.041 0 . 30k 2.529 1.003
2.082 0.328 4.592 2.012
3.435 0.356 6.667 3.330
6.246 0.398 9.625 6.084
7.495 0.411 10.62 7.312
8.859 0.422 11.61 8.654
10.41 0.438 12.04 10.18
H .97 0.446 12.92 11.72
15.62 0.461 14.59 15.53
pK = 3.133, s(pK ) = 0.010; K_ = 7.364xlO~1\  s(K ) = 0.l82xl0-4
3l 3
65°C
A =0,997; A, =0.553; C = 2.512 x 10_5M; X = 280nm
o i.
1.041 : 0.601 3-957 1.001
2.0 8 2 . 0.632 7.310 2.006
3.435 0.668 10.90 3.317
6.246 0.734 15.89 6.053
7.495 0.753 . 17.71 7.272
8.859 0.767 19.75 8.605
10.41 0.789 21.06 ' 10.12
II.97 0.809 21.84 11.65
15.62 0.829 25.51 15.23
pK = 3.047, s(pKa) = 0.006; IC = 8 .970xl0_\  ■ s(Ka.) = 0.279x10
- 10<l -
86°C
Aq = 0.977; ^  = 0.5^3; C = 2.512 x 10-5H; X = 280nm
loV+(20°C) A 10^(A -A)h 104hrl O
1.041 0.5 8 0 . 3.952 0.994
2.082 0.605 7.416 1.992
3.435 0.634 II.30 3.291
6.246 O .693 17.06 5.998
7.495 0.708 19.41 7-204
8.859 0.725 21.51 8.522
10.41 0.744 23.39 10.02
11.97 0.764 24.61 11.53
15.62 O .785 29.00 15.07
pK = 2.934, s(pK ) = 0.006; K ■= I.l64xl0~5, s(K ) = 0 .0 3 1 x l0~3 a a a a
107°C
Aq = 0.954; = 0.538; C =2.512 x 10~5M; % = 280nm
1.041 0.564 3.839 0.984
2.082 O .585 7.272 1.971
3.435 0.611 11.16 . 3.255
6.246 0.662 17.31 5.928
7.495 0.672 20.07 7.118
8.859 O .687 22.48 8.418
10.41 0.704 24.75 9.898
11.97 0.722 26.42 11.39
15.62 0.744 31.24 14.88
pK = 2.827, s(pK ) =0.010; K = 1.488xlO“3 , s(K ) = 0.036xl0“3a a a . a
- 105 -
125°C
A ■ = 0.476; A1 - 0.219; C = 3.O56 x 10“5M; A = 290nm
10/+TU+(20°C) A 105 (A -A)h lO^hn O
8.547 0.303 13.79 . 7.9^7
9.971 ..." O.3II ’ 15.26 9.277
12.02 0.323 17.18 11.19
20.03 0.355 22.52 18.69
pK =2.783, s(pK )=  0.001; K = 1.649xlO~3 , s(K ) = O.Ol4xlO~3 .
3  . 3  c l Q.
Ao = 0.795; Ax = 0.439; c = 3.056 x 10“5M; A = 280nm
7.033 0.541 16.60 6.53^
8.547 0.537 18.87 7.9^6
9.971 O .569 20.96 9.276
12.02 O .586 23.39 11.19
15.05 0.605 26.65 14.03
20.03 0.630 30.84 18.69
pK = 2.793, s(pK ) =0.003; K = 1.6lOxlO~3 , s(K ) = 0.026xl0-3 
a a a a
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150°C
Aq = 0.453; \  = 0.226; C = 3.056 x 10“5M; X = 290nm
loS?u+(20°C) A 105(A -A)h lo\
n O
7.033 0.279 11.16 6.398
8.547 0.288 12.80 7.779
9.971 0.296 14.30 9.079
12.02 O.3O6 16.10 10.95
15.05 0.314 19.07 13.72
20.03 0.333 21.93 18.28
pK =2.681, s(pK ) = 0.010; K = 2.084xl0"5, s(K ) = 0.119xl0"3
Aq = 0.774; A1 = 0.432; C = 3.056 x 10“3M; X = 280nm
7.033 0.510 16.92 6.398
8.547 0.526 19.25 7.779
9-971 O .536 ■ 21.56 9.O79
12.02 0.551 24.48 10.95
15.05 O .565 28.75 13.72
20.03 v 0.592 33.27 18.28
pK =2.677, s(pK ) = O.Olo; K. = 2.104xl0“3, s(K ) = 0.107xl0"3
3 3 3 3.
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175°C
A = 0.478; 0 . A1 = 0.217; C = 3.056 x 10“5M; X = 290nm
10£fTH«f(20°C) A lO^CA -A)h 0
4 • 10 h
8.547 0.278 15.20 7.583
9.971 0.288 16.86 8.849
12.02 0.295 19.48 10.67
15.05 0.306 23.06 13.37
20.05 0.324 27.33 17.81
26.71 0.346 31.37 23.76
pK = 2.618, s(pK ) =0.040; K = 2.408xl0~3, s(K ) = 0.l40xl0"3
3 3 3 S
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i  Table 7>.5
i ■
Acid Dissociation Constant of the 5-Nitro-l,10- 
. Fhenanthrolium Ion; 25 - 175°C
i : ■
6
Temperature 10 K pK
25 298.15 5.311 3-275
35 308.15 5.988 3.223
45 318.15 6.979 3.156
65 338.15 8.970 3.047
86 359.15 11.64 2.93^
107 380.15 14.88 2.827
125 398.15 16.29 2.788
150 423.15 20.95 2.68
175 448.15 24.08 2.62
s(pK ) 
a
0.009
0.008
0.010
0.006
0.006
0.010
0.002
0.01
0.04
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3.4.3 2,9-Dirneth.yl-l < 10-Phenanthroline
25°C
A = 0.736; Ax =0.439; c = 2.469 x 10~5M; X = 282nm
105Th+(20°C) A 10“/f(A-A1)/h 105h
1.973 0.626 4.395 0.426
2.707 0.664 2.752 0.818
3.727 O .696 1.614 1.593
5-143 0.714 0.958 2.870
7.808 0.723 O.52I 5-442
15.30 0.728 0.225 12.86
pK =5.599, s(pK ) = 0.010; K = 2.5l4xlO~6 , s(K ) = 0.055xl0“6 a a a a
A ,= 0.181'; Ax = 0.030; C = 2.469 x 10“5M; A = 310nm
1.978 0.125 2.234 0.425
2.707 0.145 1.407 0.818
3.727 0.161. 0.823 1.593
5.143 O.I69 0.484 2.870
7.808 0.174 0.265 5-442
15.30 0.178 0.115 12.86
pK =5.600, s(pK ) =0.010; K = 2.512xlO"6, s(K ) = 0.028xl0“6
a a a a
-  110 -  
35°C
Ao =0.730; A1 = 0.425; C = 2.469 x 10”5M; A = 282run
105Tu+(20°C) A lO^CA-A, )/h • 105h
n 1
1.978 0.612 4.078 0.460
2.707 0.651 2.637 0.857
3.727 O .685 1.601 1.624
5.143 0.703 O .963 2.887
7.808 0.714 0.531 5.441
15.30 0.722 0.231 12.83
pK = 5.539, s(pK ) = 0.010; K = 2.889xl0“6, s(K ) = 0.051xl0“6a a a a
Aq = 0.180; Ax = 0.023; C = 2.469 x 10“5M; X = 31Qnm
1.978 0.120 2.139 0.453
2.707 0.140 1.377 O.85O
3-727 0.157 O .828 1.618
5.143 0.167 0.500 2.882
7.808 0.172 . 0.274 5.438
15.30 0.176 0 .II9 12.83
pK =5.550, s(pK ) = 0.020; K = 2.8l9xl0~6 , s(K ) = 0.052xl0“6
3. 3. 3 3
- Ill -
45°C
Aq = 0.720; A1 = 0.391; C = 2.469 x 10~5M; X = 282nm
105Th+(20°C) A K f ^ A - A ^ / h  lO^h
1.978 0.390 4.114 0.484
2.707 0.632 2.727 0.884
3.727 . 0.668 1.684 1.645
5.143 0.688 1.026 2.895
7.808 0.701 0.571 5.432
15.30 0.713 0.251 12.79
pK - 5.498, s(pK ) = 0.010; K = 3.176xlO“6 , s(K ) = 0.036xl0" 6
3 3 ' 3 3
A '=0.176; A± = 0 .006; C = 2.469 x 10’5M; X - 310
1.978 0.109 2.131 0.483
2.707 0.131 1.415 O .883
3.727 0.149 0.870 1.644
■5.143 0.160 0.532 2.895
7.808 O .167 0.296 5.432
15.30 0.172 0.130 12.79
pK 5.499, s(pK ) = 0.010; K = 3.172xlO~6, s(K ) = 0.023xl0"6 
3 3 3 3
- 112 -
65°C
Aq = 0.737; A± = 0.359; C = 2.469 x.10*"5M; A = 282nm
105Th+(20°C) A i o ^ C a - a ^ A  i o V
1.978 0.578 if.O63 0.540
2.707 0.624 2.792 0.947
3.727 0.668 1.825 1.696
5.1^3 0.693 1.141 2.922
7.808 0.711 0.648 5.423
15.30 0.725 0.288 12.71
pK = 5 .A06, s(pK ) = 0.010; K = 3.928xlO~6, s(K ) = 0.079xl0~6
a a a a
86°C
Aq = 0.72^; A1 = 0.331; C =2.469 x 10~5M; A = 282nra 7
1.978 0.555 3.310 0.616
2.707 0.597 2.384 1.032
3.727 0.641 1.64l 1.767
5.143 ■ , 0.671 1.08l _  2 .96O
7.808 O.69O 0.627 5.407
15.30 O .709 0.284 12.59
6 6
pK = 5.I5I, s(pK ) = 0.010; K = 5.151x10*"°, s(K ) = 0.109x10"°a a a a
- 113 -
107°C
Aq = 0.705; ^  = 0.3^9; C = 2.A69 x 10“5M; X = 282nm
io5th+(20°c) a 10“^(a-a1) A  105h
1.978 0.527 2 .A68 0.716
2.707 0.566 1.898 1.1A3
3.727 0.607 1.382 1.867
5.1^3 O .638 0.956 3.023
7.808 0.661 0.577 5 -^OA
15.30 0.686 0.271 12.A-5
pK = 5.1^, s(pK ) = 0.010; K = 7.l8AxlO~6 , s(K ) =0.112x10"^
cl & 3 3.
125°C
A Q = 0.568; Ax = 0.30A; C = 2.005 x 10“5M; A = 282nm
I.S7V  0.A25 - 1 . 33 k . ' . ' 0.903
3.123 O.A68 0.928 1.767
A .68k 0.500 . O .650 3.017
6.767 0.518 O.AAA A. 82 A
10.Ai 0.538 0.289 8.128
pK = A.967, s(pK ) =  0.010; K = 1.078xl0"5, s(K ) = 0.022xl0“5
3. el El el
- llA -
150°C
AQ = 0.13A; \  = 0.000; C = 2.005 x 10“5M; X = 310nm
105Th+(20OC) A lO^U-A^/h. 105h
I.87A 0.053 O.5A8 O.985
3.123 0.07k 0.A06 1.8A7
A.6 8 A 0.091 0.299 3.O63
6.767 0.101 0.213 A.809
10. Al 0.11A 0.1A3 8.012
p K  = A.83O, s(pK ) = 0.009; K  =  l.A80xl0~5, s(K ) = 0.023xl0’5
cl • 3 SI SL
i75°C
Aq = 0.127; A1 = 0.002; C = 2.005 x 10"5M; X = 310nm
I.87A 0.0A6 0.A07 1.06A
3.I23 0.060 0.300 1.926
A.68A 0.079 O.2A9 3.111
6.767 0.091 0.18A A.789
10.Al 0.101 0.125 7.891
pK = A.687, s(pK ) = 0.020; K = 2.055xl0“5 , s(K ) = 0.177xl0~53 3 a 3
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Table 5-6
Acid Dissociation Constant of the 2,9-Dimethyl'
1,10-Phenanthrolium Ion; 25 - 175°C
Temperature 10^K pK
25 298.15 2.513 5.600
35 308.15 2.85A 5-5^5
A5 318.15 3-17A 5.A98
65 338.15 3.928 5.A06
86 359.15 5.151 5.288
107 380.15 7.18A 5-lAA
125 398.15 10.78 A.967
150 A23.15 lA.80 A.83
175 AA8.15 20.55 A.69
s(pK ) 
a
0.010
0.010
0.010
0.010
0.010
0.010
0.010
0.01
0.02
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3.*+.*+ 5,6-Dime thyl-1 ,10-Fhenanthroline
25°C
Aq = 0.*+87; ^  = 0.866; C = 2.*+36 x 10‘5M; X = 232nm
105Th+(20°C) A l O ^ A - A ^ A  lO^h
l.*+57 0.686 -5.879 0.306
2.915 O.583 -2.6*+8 I.O69
5.33° 0.527 -I.O83 3.131
7.912 0.508 -O.638 5.610
l*+.57 0.*+96 -0.30*+ 12.19
26.03 0.*+91 -0.159 23.60
pK = 5.*+66, s(pK ) L .0.010; K = 3.*+21xlO“6, s(K ) = 0.069xl0~6
sl ’ sl a a.
A '=. 0.569;' Ax = 0.730; C = 2.*+36 x 10”5M; X = 273nm
1. *+57 0.653 -2.571 : 0.301
2.915 0.609 -1.1*+*+ 1.060
5.330 O.587 -0.*+59 3.125
7.912 0.577 -0.273 5.606
l*+.57 O.572 -0.130 12.19
26.03 O.569 -0.068 23.60
pK = 5.*+78, s(pK ) = 0.010; K = 3-329xlO“6, s(K ) = 0.105xl0”6
Sl Sl Sl cl
- 117 -
25°C
Aq = 0.870; \  = 0.399; C = 2.436 x 10"5M; X = 284nm
105TH+(20°C) A 10’/f(A-A1) A  105h
1.457 0.623 7.297 0.306
2.915 0.755 3.308 I.O69
5.330 0.818 I.337 3.131
7.912 0.846. 0.796 5.610
14.57 0.861 0.379 12.19
26.03 O.865 0.197 23.60
pK = 5.466, ' s(pK ) = 0.010; K = 3.423X10”6 , s(K ) = 0.076xl0“63 3 9. 9
35°c
Aq = 0.483; A^ = 0.866; C = 2.436 x 10 ^M; A - 232nm
1.457 0.699 -4.242 0.394
2.915 0.597 -2.241 1.200
5.330 0.536 -1.027 3.214
7.912 0.514 -0.623 5.654
14.57 0.496 -0.304 12.19
26.03 0.493 -0.158 23.54
pK = 5.293, s(pK ) =0.010; K = 5-096xlO“6 , s(K ) = 0.046xl0"6
3 9 9 9
- 118 -
35°C
Aq =0.567; A]_ = 0.731; C = 2.436 x 10~5M; X = 273nm
105TH+(20°C) A lO^CA-A^/h 105h
1.457 0.659 -1.864 O .385
2.915 0.615 -0.975 1.187
5.330 0.590 -0.439 3.205
7.912 0.579 -0.269 5-648
14.57 0.575 -0.128 12.18
26.03 0.570 -0.068 23.54
pK = 5.308, s(pK ) =0.010; K = 4.9l6xlO“6 , s(K ) = 0.078xl0~6 a a a a
Aq = 0.870; Ax = 0.402; C = 2.436 x 10'5M; . A = 284nm
1.457 0.608 5.417 O.38I
2.915 0.735 2.823 1.181
5.330 0.804 1.258 3.200
7.912 O .836 0.770 5-645
14.57 . 0.854 0.372 12.18
26.03 0.859 0.194 23.54
pK =5.316, s(pK ) =0.010; K = 4.833X10"6 , s(K ) = 0.074xl0“6a a a a
-  119 -
45°C
A = 0.482; Ax = 0.883; C = 2,436 x 10“5M; \ = 232nm
105Th+(20°C) A 10'“if(A-A1)/h 105h
. 1.457 0.719 -3.587 0.457
2.915 0.618 -2.O5O 1.293
5.330 0.552 -1.010 3.277
7-912 0.519 -0.640 5.684
14.57 0.502 -O.313 12.17
26.03 0.496 -O.165 23-47
r C
pK =. 5.180, s(pK ) = 0.010; K = 6.609x10“°, s(K ) =0.117x10
a a a a
Aq = 0.559; A2 = 0.730; C = 2.436 x 10“5M; A = 273nra
1.457 0.661 -1.454 0.472
2.915 0.618 . -0.849 1.314.'
5.330 0.591 -0.421 3.294
7.912 0.576 -O.27O 5.697
14.57 0.568 -O.133 12.17
26.03 0.565 -0.070 23.47
pK = 5.155, s(pK ) = 0.010; K = 6.991xlO~6 , s(K ) = 0.139xl0“6
a a a a
-  120 -  
45°C
A- = 0.864; A^ =0.389; C = 2.436 x 10"5M; \ = 284nm
105Th+(20°C) A 10”^(A-A^)/h 105h
1.457 0.584 4.300 0.454
2.915 0.705 2.455 1.288
5.330 0.781 1.198 3.273
7.912 : 0.821 0.761 5.681
14.57 0.842 0.372 12.16
26.03 0.848 O .196 23.47
pK = 5.186, s(pK ) = 0.010; K = 6.5l8xlO“6 , s(K ) = 0.127x10' 
a -' a . a ■ a
65°C
= 0.884; A1 = 0.406; C = 2.436 x 10"5M; 'X = 284nm
1.457 0.570 2.675 O .613
2.915 . . 0.675 1.771 1.519
5.33O 0.7.64 1.035 3.459
7.912 0.804 0.686 5.798
14.57 0.842 0.358 12.17
26.03 0.861 0.195 23.35
pK = 4.930, s(pK ) = 0.005; K ='1.176xlO"5, s(K ) = 0.004x10'a a a a
- 121 -
86°C
A- =0.868; A^ = 0.403; C =2.436 x 10“5M; A = 284nm
105Th+(20°C) A l O ^ U - A ^ A  105h
1.457 t 0.527 1.575 . 0.787
2.915 0.612 1.179 1.772
5.330 0.696 0.793 3.695
7.912 0.744 0.572 5-964
14.57 0.799 O .352 12.18
26.03 0.828 O .183 . 23.17
pK = 4.664, s(pK ) = 0.004; K = 2.170xlO~5, s(K ) = 0.006x10'
a a a a
107°C
Aq = 0.852; A1 = 0.397; C = 2.436 x 10~5M; A = 284nm
1 .457 0.489 0.994 0.926
2.915 0.557 0.809 1.977
5.330 O.63I 0.599 3.909
7.912 0.682 0.465 6.131
14.57 0.748 0.288 12.19
26.03 0.789 0.171 22.97
pK = 4.437, s(pK ) =0.003; K = 3.654xlO"5, s(K ) = 0.019x10*a a ■ a a
- 122 -
Table 3-7
Acid Dissociation Constant of the 5,6-Dimethyl- 
1,10-Phenanthrolium Ion; 25 - 107°C
6
Temperature 10 K pKa a
298.15 3.391 5.470
308.15 4.948 5.306
318.15 6.706 5.173
338.15 11.76 4.930
359.15 21.70 4.664
380.15 36.54 4.437
25
35
45
65
86
107
s(pKa)
0.010
0.010
0.010
0.005
0.004
0.003
0.
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3-A.5 Thermodynamic Functions of Dissociation
The evaluation of the thermodynamic functions of dissociation, 
other than AG0, requires an anlysis of the temperature dependence of
InK (Section l). Various empirical equations have been suggesteda
for expressing the acidity constant as a function of temperature.
129 ■■Hame'd and Embree proposed the equation
log K = log Km - p(T - T j 2 (3.38)
where T^ is the temperature at which the acidity constant has its
-5maximum value K and p is a constant which has the value of 5 x 10m 1 . . .
»2deg for many acids. The Harned and Embree equation represents the
data accurately for many carboxylic acids in the region of the
maximum but is inapplicable to many charged acids. It has been
superseded by other equations of more general applicability and which
are more satisfactory over a wider range of temperature. The most
130
widely used equation is that proposed by Harned and Robinson
p K  = A/T - B + CT (3.39)a
This equation, which is convenient to fit to experimental data 
by the method of least squares, has been applied successfully to a 
number of varied chemical equilibria over a considerable range of 
temperatures (for example the solubility products of a number of 
metal sulphates'*'^ '*' at temperatures up to 350°G, the dissociation
- 124 -
constants of 2,*+ and 2,6-dinitrophenols^ at temperatures up to 150°C
132and the dissociation constants of in- and j)-hydroxybenzaldehyde 
over the temperature range l*f-56°C) and has been used to represent 
the present data as a function of temperature.
In order to fit equation (3•39) to the present data, it is 
conveniently written as
TpK = A - BT + GT2 (3A0)
EL
The constants in equation (j.bO) were then calculated by fitting.a set 
of data points (expressed as pairs of TpK and T) as a series ofQ
177
Chebyshev polynomials using a computer program written in Fortran IV. 
The program is listed in Appendix A.3.
Table 3-8 lists the parameters of equation (3«39) for the four 
acid dissociations investigated with the temperature range of fit and 
Figure 3»12 shows the experimental and calculated values of pK as a
cl
function of temperature.
The changes in free energy, enthalpy, entropy and. heat capacity 
associated with the dissociation in the standard state can be obtained
from equation (3.^0). Rewriting equation (3.*f0) as
RT InK = -A. + BnT - CnT2 (3*^1)a 1 1 1
- 125 -
Table 3.8
Parameters for Equations Describing pK as aQ.
Function of Temperature 
pK ' = A/T - B + CT
Base Parameters Range of Fit (°C)
A B  C
1,10-phenanthroline 715*87 -2.54 -4.09 25 - 250
x i O 4
5-nitro-l,I0- . 691*17 -O.76 7*02 2 5 - 1 7 5
phenanthroline . ■ ' ' -j_q~4
301.56 -9*17 -8.53 25 - 175
x 10~3
2.9-dimethyl-
1.10-phenanthroline
5 .,6-dimethyl- 858.48 -4.07 -4.98
1,10-phenanthroline 10*"3
25-100
6.0
2.0
0 20 40 60 80 100 120 140 160 180 200 220 240 260
T/ °C
Figure 3-12 - Variation of pK with temperature• 1 8.' . ! | .
O  r^O^dimethyl-l.lO-phen. %  1,10-phenanthroline
O  %  6-dimethyl-1,10-phen. $  5-nitro-l,10-phen.
(-----calculated from equation (3-39)
- 126 -
where the new parameters A^, B^ and are obtained by multiplying 
the old ones by R lnlO. It is obvious that the change in free energy 
is given by
AG° = Ax - .BjT + C-g2 ( 3A 2 )
Differentiation of equation (3.41) according to the van't Hoff 
equation gives the change in enthalpy:
AH° = Ax - CjT2 (3A ? )
The change in heat capacity, AG°, is given by equation (1.4) and
P
differentiation of equation (3-43) gives:
AC0 = -2C.T. (3.44)
P 1
The entropy.change for a reaction is given by
AS0 = R( 3TlnK/3T) (3.^5)
and when this is applied to equation (3-41) we obtain
AS0 = B - 2C T. (3.46)
Because differentiation always results in a considerable loss of 
precision, we would expect that AH° and AS° will be less precisely
known than pK and the AC°, obtained from the second derivative ofa p
■pK i will be the most uncertain of all. Indeed very precise values
of pK^ are required if AC0 values derived in this way are to have any
134-
real significance. King has shown how errors in pK are propagated
... 3
in the derivatives. Using equations for the propagation of error 
135given by Please he has shown that the variances of the derived .
thermodynamic functions will change with temperature, being least for
AH° and AS° in the middle of the temperature range but least for AC°
at the lowest temperature. The temperature interval between data
points is very important in determining the variances in AS0 and AC°,
a number of widely spaced points being more desirable than an equal
number of closely spaced ones. Using equations (3-42) to (3-46)
values of the thermodynamic functions AG°, AH0, AS0 and AC0 have been
calculated for each of the four acid dissociations at each temperature
of measurement. The errors shown for the thermodynamic functions were
calculated by taking the worst error in pK& in a particular series and
calculating the derived errors in the thermodynamic functions using
134equations for the propagation of error given by King. These errors,
therefore, can be considered to be an upper limit for the thermodynamic
functions at the lower temperatures where the precision is better than
that quoted. Values of the thermodynamic functions are shown in
Tables 3*9 - 3*12, together with the experimental values of pK anda
those calculated from equation (3*39) at each temperature of measurement,
The.values of AC0, which derive from the second derivative of 
P
equation (3*39) must be considered to be approximate estimates, and 
may indeed by only parameters of fit.
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3.5 Discussion
A comparison of the present values of pK for the four basesa
studied with other published data is possible over a limited
temperature range only. By far the majority of the pK determinationsa
of these bases are at 25°C, with relatively few studies at higher
temperatures and none over 50°C. Table 3-15 lists representative
values of pK for the four bases at 25°C, together with the a
corresponding values obtained in the present work.
The relatively broad range of values reported is a reflection 
of the differing methods used and conditions employed for the 
various determinations. Further, it is not always, clear whether 
corrections for ionic strength have been made for many reported 
constants, and a number are concentration quotients rather than 
thermodynamic equilibrium constants. With these restrictions in 
mind, the agreement between the present results and published values 
of pK for the four bases at 25°C is good.
S.
This good agreement between published values and those determined 
in the present study supports the assumptions made and the methods 
of calculation used in computing the acidity constants from spectro- 
photometric data. Whilst the basic relationship between the absorbance 
of a mixture of a base and its conjugate acid and its acidity constant 
used in the present work (Section 3-2) is derived from well established 
fipoctropliotometric procedures for determining equilibrium constants, ' ’ 1
previous uses of the method have required separate measurements of
- 133 -
Table 3-13
pK of Some Phenanthrolines at 25°C a
Compound pK
a
Reference Comments
1,10-phenanthroline k .82 Present work
k .8k 92 I = 0.1
>.86 88 Estimated by extrap­
olation from 12-*fC$ 
water/dioxane.
k .98 136 I = 0.1
fc.93 137 I = 0.1
^••65 138 20°C; Extrapolated 
from results in aqueoui 
methanol.
>.96 108 I 0
5-nitro- 3.28 Present work
1 ,10-phenanthroline
3.23 108 I 0
3.57 139 Temp, not stated. 
Estimated by extra­
polation from 
water/dioxane.
2 ,9-dimethy1- 5.60 Present work
1 ,10-phenanthroline
5.85 l*tO I = 0.1
5.79 2-37 . I = 0 .1
5.77 92, 108 I = 0,1, I-> 0
■
6.17 88 Estimated by extra­
polation from 12-^0^ 
water/dioxane.
5 ,6-dimethyl- 
1,10-phenanthroline
5.^7 Present work
5.60 137 I = 0.1
5.Vf 108 I -> 0
- 13^ -
the pH of each solution. The present method makes use of a computer 
to carry out a series of successive approximations of hydrogen ion 
concentration and acidity constant until convergence is obtained. 
(Section .3.2 and Appendices A.I. and A.2.). The method is thus 
applicable to spectrophotometric determinations of acidity constants 
where it is impractical to make separate meaurements of pH and where 
the use of buffers to provide solutions of known pH is undesirable.
The use of buffers to provide solutions of known hydrogen ion 
concentration is widespread. The present method varied the hydrogen 
ion concentration of experimental solutions by adding various amounts 
of perchloric acid. As a check on the efficacy of this procedure, 
a number of determinations of the pK of 1,10-phenanthroline at 
temperatures up to k5°C were made using sodium acetate-acetic acid 
buffers.
Values for the pK of 1,10-phenanthroline at temperatures up to■ Q
if5°C determined both with and without buffers are shown in Table 3-1^•
Agreement between the two results is very good at 25°G, and 
although the difference increases at higher temperatures, this is 
probably due to the difficulties of estimating activity coefficients 
for the buffer solutions at temperatures much removed from 25°C.
In view of this good agreement and the great difficulties of using 
buffer/; at high temperatures, the use of perchloric acid to vary the 
hydrogen ion concentration of experimental solutions is considered 
justified.
- 135 -
Table 3*14
Comparison of Buffered and Un-buffered Results for
1 ,10-phenanthroline
Temp./ °C
Sodium acetate/
acetic acid buffer No buffer
4.78 4.81
4.68 4.73
4.60 4.66
55 116
Following literature reports in recent years 1 that the 
hydrogen ion can associate with up to three phenanthroline molecules, 
the method of calculation used was modified to make allowances for 
higher order species. The existence of a species [h (B)^] +, where 
B = 1,10-phenanthroline, is doubtful,’*"^ ' and the modifications to
•J-
the calculations considered only the formation of HB and HB^
(Section 3.2). Calculations carried out on spectrophotometric data 
for 1,10-phenanthroline using this modified procedure failed to give 
consistent results, and no improvement in the limits of error of the 
calculated constants was found when the higher order species were 
considered. The failure to obtain consistent results with this method 
may be due in part to the large uncertainty generated in the extra­
polation^^ of the experimental results by equation (3•33) to obtain
25
35
45
PKa
- 136 -
the quantity K^(2Aq - A^) as the intercept. The value of this
quantity, and so of K^, is very sensitive to small errors in the
measured absorbances. Some evidence for the possible existence of
such higher order species was obtained in that absorbances of
experimental solutions where the ratio of phenanthroline to hydrogen
ion was much greater than 2 :1 , failed to fall on the same straight
line as the rest of the data points and were disgarded. Rund and 
141
Keller reported that in solutions where the ratio of hydrogen ion 
to 1,10-phenanthroline was between 1 and 4 the only species which
+need be considered in solution was the phenanthroline ion, ie. HB .
In none of the experimental solutions used in the present determinations
of the pK of the phenanthrolines is the ratio of hydrogen ion to 
8. '
phenanthroline much less than 1 and the participation of higher order 
species has been assumed negligible. Further justification for this
assumption is provided by a comparison of the behaviour of 1 ,10-phenan-
i 55
throline and 5-nitro-l,10-phenanthroline• Fahsel and Banks report
that 5-nitro-l,10-phenanthroline is too weak a base to form higher
order species with hydrogen ion and found no evidence for their
existence with this compound.
In view of this, it might be expected that present experimental 
data for 5-nitro-l,10-phenanthroline and 1 ,10-phenanthroline, when 
treated on the assumption that only the species HB need be considered, 
would show significant differences in the calculated errors for the 
acidity constants. No such difference is found, and further, the
- 137 -
temperature dependence of the pK of both bases is very similar.
a
It is felt that under the present experimental conditions the 
only species which need be considered is HB+.
The relative pK fs of the four bases studied show the expected
order at 25°C (Table 3«13)* Methyl substitution produces an increase
in basicity largely through an inductive effect. The extent of the
enhancement of base strength by methyl substitution is related to
137the propinquity of the methyl groups to the nitrogen atoms, ^ and
2 .9-dimethyl-l,10-phenanthroline is a stronger base than 5 i6-dimethyl-
1.10-phenanthroline. Substitution of the electron-withdrawing nitro 
group decreases the electron density on the nitrogen atoms and 
produces a decrease in basicity, and the order of basicity at 25°C is 
5-nitro-l,10-phenanthroline 1,10-phenanthroline 5 »6-dimethyl-
1.10-phenanthroline 2,9-dimethyl-l,10-phenanthroline. Reference
to Figure 3-12 shows that this relative order of basicities is
maintained over the temperature range of measurement and the variation
of the pK of all four bases with temperature is very similar. All 
8 v
four protonated phenanthrolines become stonger acids with increasing
31 134
temperature. Such behaviour is typical of positively charged acids, ’ 
which tend to have large positive enthalpies of dissociation.
The choice of equation used to express the equilibrium constant 
as a function of temperature is necessarily rather arbitary. The 
values of AH0, AS° and AC0 will depend on the equation chosen, with 
AC0 being the most sensitive. As stated in Section 3-4.5» equation
- 138 -
(3*39) has been applied to a number of different equilibria over a 
wide range of temperatures and is convenient to fit to experimental 
data. Differences in the thermodynamic functions derived from the
13 /+
various equations which have been used are greatest at the extremes
of the temperature range of fit. However, over a limited temperature
range various proposed equations from quadratics to quintics give
values of AH° and AS° in substantial agreement. In view of this,
together with the ease of application of equation (3-39) and the
rather limited precision of the high temperature data, the temperature
variation of the pK^ of the four bases is considered to be adequately.
represented by pK = A/T - B + CT together with the values of the a
parameters listed in Table 3*8. The assumption of equation (3-39)
that AC0 is proportional to the absolute temperature, is probably 
?
13lf
only an approximation. Calorimetric results and recent work by
OIves and Marsden show that AC^ is.a complex function of temperature.
With these restrictions in mind, the values of AC° listed in Section
■ P
3-*+«5 must be viewed with extreme caution, and no firm conclusions 
about their temperature variation can be drawn.
Comparison of the values of AH° and AS° for the four acid 
dissociations with published values is possible only at 20 and 25°C. 
Lahiri and Aditya^^’^ ^ 1^ ^  have measured the acidity constants of 
the four bases over a limited temperature range and derived values 
of AH° and AS0 from plots of pK versus l/T. These values, together 
with a calorimetric determination at 20°C and the present values at 
25°C are listed in Table 3»15*
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Table 3.15
Thermodynamics of Dissociation of 
1,10-phenanthrolium Ions
Some
BH+ B + H+
Compound AG°(25°C)/ 
kcal mol ^
AH°Acal
mol*"'*'
AS0/cal 
deg""^mol ^
Ref.
1 ,10-phenanthroline .6.57 3.44 -10.5 Present
work
cl
6.90 4.07 -9.5 94
6.60 3.95 -9.2. 96 b
5-nitro-
1 ,10-phenanthroline
4.48 2.88 -5.4 Present
work
a
;4.4l 2.26 -7.2 142
2 .9-dimethyl- ■
1 .10-phenanthroline
7.66 2.09 -18.7 Present
work
a
7.87 5.35 -8.4 106
5 ,6-dimehtyi- 
1 ,10-phenanthroline
. 7.45 ■'5.95 -5.0 . Present
work
a
7.41 5-50 -6.3 106
(a) Values of AH0 and AS0 quoted from the present work are at 25°C.
(b) Calorimetric determination at 20°C.
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Agreement between the present data and that previously published
is reasonable, except for AH0 and AS0 for the ionization of the
2,9-dimethyl-l,10-phenanthrolium ion. Figure 3.13 shows a plot of
pK vs l/T for all four bases. In view of the large temperature 
a
range involved, and the variation in AH° with temperature shown in
Tables 3«9 to 3-12, a straight line relationship is not expected.
However, the curvature is not great, and variation of AH° with
143
temperature is small. Gurney has discussed the work involved in
proton transfer reactions and shown that a plot of pK vs l/T will
a
be linear when the external or "environmental” work is independent 
of temperature.
We would not expect the work involved to be zero, because of the 
necessarily different interactions of the protonated base and the 
hydrated proton with the surrounding solvent water, and these 
interactions will vary with temperature. However, the approximate 
linearity of the plots suggests that the "external" work involved 
in transferring a proton from the base to a water molecule is small, 
and that the "internal" contribution (ie. the relative strengths of 
the N— H+ and 0— H+ hydrogen bonds) is relatively independent of 
temperature.
The plot for 2,9-dimethy1-1,10-phenanthroline displays a change 
in slope between two relatively linear sections. Such inflections
are displayed by a number of weak acids when the temperature is varied.
pq lAA 144
extensively, ’ and have been attributed by Maksimova to the
6.0
5.0
3.0
2.0
2.0 2.2 2 .k 2.6 2.8
(1/T)/ °K~1 
Figure 3*13 - Variation of pK^ with l/T 
O  2 ,9-dimethyl-l,10-phen 
Q  5^6-dimethyl-l,10-phen
3.0
0  1,10-phenanthroline
Q  5-nitro-l,10-phen
i4i -
effects of changes in the degree of hydration and molecular 
association. The presence of methyl groups in positions 2- and 
9-’would be expected to stearically hinder the hydration of the 
protonated base, and it is possible that increasing temperature 
may allow such stearic hindrance to be partially overcome and the 
degree of hydration of the protonated base to change. It is noted 
that the slope of the high-temperature portion of the curve for
2 ,9-djmethyl-1-, 10-phenanthro'i.ine is roughly parallel to the plot 
for 5,6-dimethyl-l, 10-phenanthroline where no such stearic hindrance 
is involved.
The relative constancy with temperature of the "internal" work
required to transfer a proton from the base to water.that is indicated
from the pK! vs l/T plots suggests that the variation of the 
a
equilibrium constant with temperature is determined mainly by
"external" contributions; In Section 1 it was noted that the
general form of the Born or Bjerrum equations, which relates
equilibrium constant to the dielectric constant (D) of the solvent,
could be represented by equation (1.10). Since the dielectric constant
of a solvent depends -on the.temperature, we might expect a plot of
TpK vs 1/D to.be linear. Figure 3*14 shows plots of TpK vs l/D 
a a
for the four bases studied and for a number of similar reactions.
It can be seen that over a limited temperature range (15 - 50°C)
the plots of.TpK vs l/D are very close to a straight line for thea
145 146
anilinium ion, 2,2'-bipyridyl and the four bases studied, but
at higher temperatures, the plots show a-marked curvature. The failure
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of the plots to remain linear over the full temperature range is 
not surprising considering the crudeness of the Born model.
Further, for isoelectric reactions such as the present dissociations, 
v;c expect to be small and (Section l) to be relatively
large because of the high proton affinity of the four bases studied.
The assumption that is independent of temperature may be only
an approximation and small changes in this quantity may have a 
proportionately Targe effect on the overall free energy change and 
hence sr: ph . In studies of ion hydration at high temperatures'^ 
it has been suggested that the use of an "effective" dielectric 
constant in place of the macroscopic dielectric constant of the 
solvent is necessary if agreement betv/een electrostatic theories and
experimental equilibrium constants is to be achieved. The effective
‘ ■ 1 ■ ’ .
dielectric constant refers to the microscopic dielectric constant of
those solvent molecules in close proximity to the ion. The failure
of the present curves to remain linear over an extended temperature
range may then be due in part to the use of the macroscopic dielectric
constant. At the lower temperatures the solvent water is considered
1^8 lk9 150to have a co-operative ordered structure. ’ ' ’ and interactions
between solute•particles and solvent molecules could be thought of 
os extending beyond the primary hydration shell and into the bulk 
solvent. The solvent or external contribution to the free energy 
change would then be a function of not only the primary hydration 
shell, but of the surrounding solvent molecules as well, and the 
macroscopic solvent dielectric constant is appropriate to electrostatic 
treatments of the free energy change, and we find approximate linearity
-  lkj> -
between TpK and l/D. As the temperature is increased the ordered
151 15?
water structure breaks down, ’ " and the influence of the solvent
on a solute will be confined to those solvent molecules relatively 
close to the solute. The external contribution to a free energy 
change would then be a function of those/solvent molecules which were 
directly influenced by the solute, and in the presence of a charged 
species such as the present protonated bases, the microscopic 
dielectric constant of these immediately surrounding solvent molecules 
would be expected to differ from that of the bulk solvent.
The electrostatic theory, however, may still provide information
which is of at least qualitative importance. The simple electrostatic
1^
.model ■ shows for isoelectric reactions ■? that
AG° = Ne2/2D(l/rTJ - 1/r ) (j>M)e il +
where r,. is the radius of the hydrated uroton and r of the protonated H +
'base (N is Avogadros number and e the electronic charge).
The decrease in the pK^ of the protonated bases with temperature
can be associated with a relative increase in the radius of the 
hydrated proton with respect to the protonated base. In view of the
crudeness of this model, r. is a radius only by convention but the
results suggest increasing hydration of the hydrogen ion with respect 
to the protonated bases as the temperature is increased.
- 144 -
**2Jr
Ives and Marsden have suggested that for ionization reactions 
the external or environmental contributions to AH0 and AS° make a 
major contribution to the total AH° and AS° of reaction. For 
isoelectric reactions such as the present dissociations, the 
external contribution to the total AG° of reaction is small, and 
the corresponding and terms would be expected to satisfy
AH°^_ .TAS°x£. It is this, together with the natural linking 
between AH and AS mentioned in.Section 1, which is believed to be 
the main reason for the finding that AH is a linear function of AS 
for a set of allied reactions in solution (water or other polar 
solvent). That is, "the compensation lav; is believed to have its 
main application to a set of reactions v/hich differ from each other 
primarily in the extent of the solvational changes which accompany 
them’1. Figure 3*15 shows plots of AH0 vs TAS° for the four 
bases studied. If the internal contribution to AG° of dissociation 
is temperature independent, then the difference between a particular 
dissociation reaction at two different temperatures will be due 
primarily to the differing extent of the solvational changes which 
accompany them. It can be seen from Figure 3•15 that 2 ,9-dimethyl-
1 ,10-phenanthroline and 5 ,6-dimethyl-l,10-phenanthroline show partial 
compensation between AH° and TAS° over a wide temperature range, 
v/hile 5-nitro-l,10-phenanthroline and 1 ,10-phenanthroline have a 
more complex relationship between AH° and TAS°, and no firm 
conclusions can be drawn.
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The lack of exact compensation between AH° and TAS° for these 
reactions would suggest that the internal contributions to AH° and 
AS0 of reaction are relatively important and show no strictly parallel 
variation over a range of temperatures. In other words, the variation 
of the thermodynamic functions of dissociation with temperature will 
depend on changing solvent-solute interactions and on changes in the 
internal contributions made to these functions. The differing 
behaviour found within four such closely related compounds as the 
protonated phenanthrolines serves to emphasize the difficulty in 
interpreting the interaction between solvent and solute for reactions 
in solutions. Further, the separation of the thermodynamic functions 
into internal and external contributions is somewhat arbitary and; the 
participation of the solvent in the reaction would be expected to 
influence those contributions to the thermodynamic functions which 
would normally be considered an inherent property of the solute.
At the present time, even a qualitative interpretation of the changes 
in solute-solvent interaction produced by large temperature changes 
is far from satisfactory.
SECTION 4
THE OVERALL STABILITY CONSTANT OF THE TRIS COMPLEXES 
OF 1,10-PHENANTHROLINE, 5-NITRO-l,10-PHENANTHROLINE 
AND 2,2'-BIPYRIDYL WITH IRON(II)
IN THE TEMPERATURE RANGE 25 - l60°C
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4.1 Introduction
The determination of stability or formation constants of metal
complexes is of. considerable interest to many branches of chemistry
and this interest is reflected in the very large literature on the 
57 153 154subject. ’ ’ However, a large majority of determinations to
date refer to room temperatures only and data at tenqperatures much 
higher than 50°C is generally unavailable,
The formation of complexes containing more than one ligand is
195
understood to take place in a stepwise manner. The equilibrium 
constants which characterise each step are generally known as "step- 
wise formation constants”, and are given in equations (4.1) to (4.3) 
where M represents the metal ion and L the ligand. Charges have been 
omitted for clarity and the participation of the solvent in the 
reaction is understood.
M + L ML ; Kj = [m l ] /  [m ][l ]
ML + L ML2 ; K2 = [m L2] /[m l ][l ]
ML. n + L ML ; K_ = [m l J /  [m L_ ,][l ] 
The products of the individual stability constants also give 
characteristic constants, called overall or cumulative stability
(4.1)
(4.2)
(4.3)
constants, usually denoted by p (equations k.k - f^.6).
^  = k2 = [ml] / [h][l] A A )
p2 = kxk2 = [ml,] / [m][l] 2 (^.5)
(*f.6)
n
In general, (3 “ XT K.
■ • . i=l
Various experimental procedures have been employed in the
measurement of stability constants. In principle the procedure
is either a kinetic or an equilibrium measurement, but in either
case the measurement of concentration of a reactant or product is
necessary. It is seldom possible to obtain direct measurements of
the equilibrium concentrations of all species which are present in
a solution in which a number of complexes are formed, and a number 
155-157of recent papers discuss the development of calculation
procedures for the evaluation of step-wise stability constants. 
Methods of determination are often classified in terms of the 
measurement technique used. The free ligand concentration can be 
determined by solvent extraction followed by spectrophotometry 
(partition method), by its effect on the pH of the solution.(pH 
method of Bjerrum), by direct or indirect spectrophotometric 
determination and by potentiometric means using a suitable metal- 
metal complex electrode. The free metal ion or metal complex
- 2A8 -
concentration is most often measured spectrophotometrically, 
polarographically., or potentiometrically.
The complexes formed by the bidentate ligands 1,10-phenanthroline
and 2 ,2 '-bipyridyl and their analogues have been extensively studied .
86and are of considerable analytical importance. Beginning with the
-L58 1^38classic work of Brandt et al. several review articles ~ deal
with the chemistry of metal complexes of 1 ,10-phenanthroline and
related ligands. Many publications may be found concerning the
stability constants of metal complexes of these ligands. Irving
T , * j  / 7
and Mellor and McBryde compare the various techniques used and
criticize.some published results; the method of pH balance is 
165apparently -liable to yield incorrect results for this family 
of ligands. 1
The present section describes the overall stability constants 
of the tris complexes of 1 ,10-phenanthroline, 2 ,2 *-bipyridyl and 
5-nitro-l,10-phenanthroline with iron(II) in the temperature range 
25 - l60°C* A representative sample of the numerous determinations 
of the stability constants of these complexes is given in Table *f.l. 
Reference^ 16/.. ^  numerous other determinations of these and 
related stability constants may be found in the literature.
- Ib9 -
Table if.1
Overall Stability Constants of Some Iron(II) Complexes
Ligand Log Temp./ °C Method Ref.
2 ,2 *-bipyridyl 17.^5 . 20 Potentiometrie 99 ■
16.94 25. Spectrophoto-
metric
16 if
17.50 25 Partition 136
1 ,10-phenanthroline . 21.2 25. . Partition 136
21.3 20- Potentiometric 99
21.3 : 25 Spectrophoto-
metric
87
20. ^ 9 25 it 9if
5-nitro-
1 ,10-phenanthroline
17.8 - ' Spectrophoto-
metric
139
15.6 25 ; it lif2
Stability constants for a number of tris(substituted phenanthroline) 
iron(ll) complexes have been measured and correlated with the basicity 
of the free ligands. For single methyl, phenyl, chloro and nitro
substitution in the 5-position, there is an approximately linear
139 ’ Vrelation between log p-. and the pK of the ligand. The 5i6-dimethyl
j  .. ■ a • •
derivative seems to fall on the same straight line, but the stability 
of the if ,7-dimethyl derivative is less than that expected on the 
grounds of its basicity.V/illiams et_al,^^’^ ^  have pointed out
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that no simple relation between the stability constants of metal 
complexes and the basicity of the ligands is to be expected, when 
metal-ligand u-bonding is an important factor. Changes in the 
Tt-acceptor or u-donor ability of the ligands produced^by different 
substituents will affect the strength of the.metal-ligand bond, but
. are unlikely to influence the pK. of the ligands. A partial double
a
bond character of the metal-ligand bonds in [Fe(2,2’-bipyridyl)^ 
was first postulated on the basis of the exceptional stability, the 
diamagnetism and the intense colour of the complex'^^’^ ^  and various 
thermodynamic, kinetic and spectral data (for example ref. 162) 
support the existence of back co-ordination in spin-paired iron(ll). 
complexes of 1,10-phenanthroline and related ligands.
The intense red colour of the tris complexes of the present 
ligands -with iron(ll) is considered to be due to an absorption 
resulting from a transition of an electron from a t_ orbital on
2g ,
• 169 '
the metal ion to ape* ligand orbital. The ultraviolet spectra 
of the various iron(II) complexes closely resemble the spectra of 
the corresponding protonated ligands,^ — ^
The changes in enthalpy, entropy and free energy occurring in 
the formation of the present complexes have been determined both 
calorirnetrically and by measurements of the stability constant over 
a limited temperature range. Representative values are given in 
Table 4.2.
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Table 4.2
Thermodynamic Data for the Formation of Some
Tris .Complexes of Iron(II)
Ligand AG/kcal AH/kcal AS/cal . Temp./°C Ref.
mol mole deg mol
2,2'-bipyridyl -23.4 -31.4 -27.0 20 96
“23.9 -28.5 -15 25 162
1,10-phenanthroline -28.5 -33.0 -15.4 20 96
-27.94 -31.32 -11.3 25 94
5-nitro- .
1,10-phenanthroline
-21.32 -25.2 -13.0 25 142
In the absence of pertinent gas phase thermodynamic data, free
energies and enthalpies of the formation reaction in solution are
often used as a' relative measure of the strength of the co-ordinate
bond. However,, the contribution of the solvent to these functions
roust be considered, and this contribution may vary with the nature
■170'
of the ligand and the spin-state of the metal ion.
In general* minor differences in the thermodynamic functions of 
different complexes cannot be related unambiguously with changes in 
the intrinsic strength of the co-ordinate bond. With these 
reservations in mind, the enthalpy data for the tris complexes
- 152 -
above are seen to be in the same order as the relative basicities 
of the three ligands. Values of the entropy change of.complex' 
formation are in poor agreement although good agreement is shown 
between values of the free energy change.
The remainder of Section 4 is organized in the same way as 
Section 3- Section 4.2 describes the equations used in the calculation 
of the stability constants from spectrophotometric data, the 
experimental procedure and detailed experimental results are given 
in Section 4.3 and 4.4 respectively and the results are discussed 
and compared with previous work in Section 3-6.
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4.2 Theoretical
The numerous determinations (Section 4.1) of the overall
2+stability constant of the complexes Fe(B)y , where B represents
1 ,10-phenanthroline, substituted 1 ,10-phenanthrolines or 
2 ,2 '^ bipyridyl, employed methods which did not seem to be readily 
adaptable for work at high temperatures. Accordingly, a new 
spectrophotometric method (in v/hich separate measurements of pH 
were not required) has been devised.
The three step-wise equilibria applicable to the formation of 
such complexes may be represented by equations (4.7) to (4.9).
■ ' i:i
Fe2+ + B ^±: FeB (4.7)
K2 ^
FeB2+ + B Fe(B) 2+ (4.8)
Fc(B) + qzt Fo(B) (4.9)2 5
These three reactions are extremely fast, and lie well to the 
2+ 164
side of Fe(B) formation, and it is possible to provide 
5
experimental conditions where the concentrations of the species
Fel32+ and Fe(B)22+ are negligible and may be ignored.^/^ Under
such conditions v/e are justified in considering the overall formation 
/ \ P4*
of the species Fe(B)^
Fe2+ + 3B Fe(B) 2+ (4.10)
.7
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which is characterized by an overall formation constant (3,.
j
P3 = = ( [Fe(B)32+] / [Fe2+] [b] 3) (y(Fe(B) 2+)/y(Fe2+)y3(B))
(4.11)
where square brackets denote concentration and y(Fe(B)^+), 
y(Fe^+J and y(B) are the activity coefficients of Fe(B)_^+, Fe^+
_ 3 ' ■
and B respectively.; In regions of low ionic strength (ca. 1 0 )  
it is reasonable to assume^^ that y(Fe^+) = y(Fe(B)^+) and that 
y(B) = 1 in which case the concentration equilibrium constant 
becomes equal to the thermodynamic equilibrium constant and we 
may write
p =[Fe(B)52+] 7  [Fe2+] [b] 3 (4.12)
The degree of formation of the complex Fe(B)^+ in solutions 
which have the same total iron(II) ion and total B concentration 
may be varied by varying the hydrogen ion concentration. This 
utilizes the basic character of the ligands and decreases the concentra­
tion of the free ligand by displacing the equilibrium
BH+ B. + H+ (4.13)
to the left. The thermodynamic equilibrium constant of reaction 
(4.13) under the present conditions (Section 3«2) may be written
Ka * h [b ] / [BH*] (4.14)
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In a solution where the ratio of total metal ion to total ligand 
concentration is exactly 1:3, we may write the following equations:
where and are the total metal and total ligand concentrations 
respectively, m is the total concentration of metal and ligand, p 
is the total concentration of pepchloric acid (or other acid) added 
in order to vary the pH of solutions and the other symbols have their 
usual significance.
The existence of species resulting from the hydrolysis of
iron(ll), in particular FeOH+,. has been neglected in setting up
equations (4.15) to (4.17). This assumption appears well justified
under the present conditions where the concentration of free iron(II)
173 174ion is low and the hydrogen ion concentration relatively large.
In addition, autoclave experiments (Section 4.3*5) have shown 
hydrolysis of iron(II) to be relatively unimportant in acidic media 
at temperatures up to 300°^ in the presence of complexing ligands. 
Continuous variation curves constructed on the basis of equation 
(4.10) where B = 1,10-phenanthroline, did not indicate significant 
interference from other coloured complexes over the range 25 - 45°0
Tm = 0.25m = [Fe2+] + [Fe(B)32+] (4.15)
Tj. = 0.75m = [b] + [BH+] + 3 [Fe(B)32+] (4.16)
(4.17)
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and therefore the absorbance, A , of solutions in the visiblemax
region were determined solely by the concentration of Fe(B),^+
-  5 ■.
and the following equation may be written in the usual way:
A = Zcl (4.18)
max .
. \ 2+ ■
where c = Fe(B)^ , 1 is the optical path length and £ is the
/ \ 2+molar extinction coefficient of the complex Fe(B) at the wavelength
j
of measurement, the subscript "max" denoting that the relative 
magnitudes of and are such (1:3) that the absorbance is at 
a maximum at all wavelengths.
From equations (4.12), (4.15) and (4.18)
A . / [b] 3 - 0.25m ip_e - p_A (4.19)max7 L -J h 3 max 3^ max
a plot of A / Tb! 3 against -A will give a straight 
V max L J ° max
✓ \ 2*1*line of slope p^, the. overall formation constant of Fe(B)^ , and
intercept 0.25m ip,£ from which p_, and £ may be found (since m and
d . ?
1 are known constants).
Thu;
The equilibrium concentration of free ligand, [b*] , is of course 
unknown but by combining equations (4.12), (4.14), (4.15), (4.16) 
and (4.1?) it is possible to obtain equation (4.20) which contains 
a single unknown variable, [V] .
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[b]5 + Cp+K ) [b]4 + [b]2/P, + [b ](p +K -0.75m)/P,-0.75m K /p, = 0
(4.20)
Solution of this equation with the aid of the Newton-Raphson
175 r- -1 -z
procedure allows the calculation of the [_BJ J term in equation
(4.19). The magnitude of this term (and therefore also that of
A ) depends, from equations (4.13) and (4.14), upon the pH of max
a given solution, and measurement of the absorbance of a series of
solutions of identical T^ and T^ but varying hydrogen ion concentration
(achieved by varying p) should allow the calculation of the overall
2 +stability constant P7, of the complex Fe(B)7
Solution of equation (4.20) requires an initial estimate of the 
value of (3_ and an iterative procedure was used to calculate final 
values of (r-^. A computer program (Appendix A.3.) was written in 
FORTRAN IV to carry out the calculations and the procedure used was 
as follows:
1. A trial value of |3_ was substituted into equation (4.20)
j
and the equation solved for [jfJ using the Newton-Raphson procedure 
in conjunction with an initially estimated value of [b ]^ for each 
value of p.
2. The intercept and slope of equation (4.19) were calculated 
using a least squares procedure and a better value of (B7 was obtained,
3. This new value of |3_, was substituted in equation (4.20) and
J
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a better value of [b ] was obtained.
4. The intercept and slope of equation (4.19) were determined 
with this new value of [bJ and the procedure repeated until 
successive values of p_ differed by no more than 0.01$. The 
convergence of the iteration was excellent and no variation in
the final calculated value of P'was found when widely varying
j
initial estimates of both p^ and [V] were used as starting points.
Standard deviations of both P-. and 8 were calculated using
117
standard procedures.
A computer program to perform these calculations was written 
in FORTRAN IV and is listed in Appendix A.4. As in Section J>.2, 
all concentrations (and constants) were expressed on the molarity 
scale and for the purpose of calculation it was assumed that all 
solutions were sufficiently dilute that their temperature dependent 
properties of density said dielectric constant approximated closely 
to those of pure water (see Section 3*2. for a detailed discussion 
of concentration scales).
- 159 -
4.3 Experimental 
4.3.1 Apparatus
In the determination of the overall stability constants of the 
iron(II) complexes, three separate spectrophotometers were used. 
Measurements between 25 and 45°C were made on a Unicam SP3OOO 
Spectrophotometer (Pye Unicam Ltd.), those between 60 and 100°C 
were made on a Unicam SP1800 Spectrophotometer (fye Unicam Ltd.) 
and measurements above 100°C were made on a modified Hilger H700 
Spectrophotometer using the multiple high temperature cell described 
in Section 2.3*
The performance and operation of the Unicam SP3OOO and Unicam 
SPl800 spectrophotometers has been described in Section 3*3*1 and 
similar procedures were used in the determination of the stability 
constants of the present complexes. The experimental procedure 
used for measurements above 100°C has been described in Section 
2.3.
4.3*2 Materials
Iron(II) Sulphate: Supplied as the heptahydrate by E. Merck Ltd.
(Analysis grade), and used without further purification.
Sodium Perchlorate: Analar sodium perchlorate (B.D.H. Chemicals
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Ltd.) was used'without further purification.
Iron Powder: Supplied by Koch-Light Ltd. (ex-carbonyl,
99-9^  purity) and stored under dry oxygen-free nitrogen before 
use.
2,2'-Bipyridyl: Supplied as the anhydrous material by Koch-Light
Ltd. (puriss AR) and used without further purification.
1,10-Phenanthroline, 5-Nitro-l,10-Phenanthroline, and 
Perchloric Acid: as per Section 3-3«2.
4.3*3 Solution Preparation
All glassware used in preparing solutions was grade A and used 
without further calibration. Glassware (and the windows for the 
high temperature cells) was cleaned before use as in Section 3*3«2. 
V/ater used for making up all solutions was purified as in Section
3.3.3. ■'
Experimental solutions for the determination of the overall 
stability constant of tris(l,10-phenanthroline)iron(II) perchlorate 
were prepared by two methods. In the first method a solution of 
iron(II) perchlorate in excess perchloric acid was prepared by 
dissolving a known mass of iron powder in perchloric acid. The 
calculated quantity of 70‘X AR perchloric acid, previously assayed %
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(Section 3»3»2) was weighed into about 800ml of water in a 1 litre
volumetric flask, giving a solution approximately 1 M in perchloric
acid. The iron powder, under a nitrogen atmosphere, was sealed
into an ampoule and then allowed to dissolve by breaking the ampoule
under the acid in the presence of a slow stream of oxygen-free nitrogen,
and thereafter making the solutions to the mark. This operation was
experimentally difficult and the resulting solutions were analysed
for acid concentration and iron(ll) concentration. The concentration
of iron(ll) was determined by titration against dichrornate using 
127ferrom indicator and checked by potentiometric titration against 
hydroxide ion. The concentration of perchloric acid was determined 
by titration against hydroxide both potentiometrically and using 
methyl red indicator. Both perchloric acid and iron(ll) concentrations 
could be determined by potentiometric titration of the solution under 
a stream of nitrogen. Tests for iron(lll) contamination^^ proved 
negative and the assays were not significantly different from calculations 
based on the iron powder and perchloric acid originally taken and 
on the equation
Fe + 2H+ =£: Fe2+ + H2
Stock solutions of 1,10-phenanthroline and perchloric acid were 
prepared as in Section 3-3» Experimental solutions were made up in 
100ml volumetric flasks. The appropriate volumes of stock solutions 
of perchloric acid, 1,10-phenanthroline and iron(II) perchlorate 
were transferred to the flasks with pi pottos or burettes and the
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solutions made' up to the mark. Duplicate solutions were prepared 
in each case.
The final solutions were stable for many weeks but the iron(ll) 
perchlorate solutions deteriorated over a comparatively short period 
and were therefore assayed shortly before use. This instability, 
coupled with the tedious experimental procedure needed to prepare 
iron(ll) solutions, prompted the use of the second method for 
preparing solutions. In this method stock solutions of the complex 
were prepared by dissolving an accurately known mass of the purified 
solid complex in a known volume of water and experimental solutions 
prepared by mixing appropriate volumes of the stock solution of the 
complex with various volumes of stock perchloric acid solution in 
100ml volumetric flasks to give experimental solutions of the required 
composition. The solid iron(ll) complexes of all three ligands used 
are stable over a long period and stock solution made up in this way 
showed no deterioration over periods as long as six weeks.
The solid complexes were prepared by a modification of the
177procedure given by Dwyer and McKenzie.
Tris(1,10-phenanthroline)iron(II) perchlorate: Ferrous sulphate
(3-5g - 0.013 moles) was dissolved in 300ml distilled water and
1,10-phenanthroline (7«5g - 0.0 2^ moles) stirred in until completely 
dissolved. The deep red solution was filtered, heated to 60°C and 
a solution of sodium perchlorate (3-6g in ca. 40ml water; ca. 10# w/v)
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added dropwise with vigorous stirring to induce crystallisation.
When the addition v/as complete the precipitate was digested for 
1 h at 50-60°C and cooled in ice. The deep red crystals obtained 
on cooling were washed with dilute ice cold perchloric acid and 
finally with ice water. The substance was recrystallized from 
water to which a few drops of 70# perchloric acid had been added.
Tris(2,2’-bipyridyl)iron(lI) perchlorate: The procedure v/as as
above except that the solutions were kept ca. twice as concentrated 
to compensate for the much greater solubility of the complex.
Tris(5-nitro-l,10-phcnanthroline)iron(II) perchlorate: The
procedure was as above except that a smaller scale was used and 
solutions were kept ca. twice as dilute to compensate for the reduced 
solubility of this complex.
The complexes were dried over phosphorous pentoxide and analysed 
for carbon,.hydrogen and nitrogen. The results of the analyses are 
shown in Table 4.3-
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Table 4.3
Analytical Data for Iron(II) Complexes
Formula Mol.Wt. Per Cent
C H N
Calc. Found Calc. Found Calc. Found
(C12H8N24Fe(C1<V ?  795-34 54-36 53-84 3.04 2.93 10.57 10.70
(C10HgN,) FeCciO^ 723-35 49.81 49.61 3-34 3.28 11.62 11.74
(C12H?N 02)_Fe(Cl0(t)2 . 930.33 46.47 46.39 2.28 . 2.19 13-55 13-61
Determinations of the overall stability constant of 
tris(l,10-phenanthroline)iron(ll) perchlorate using experimental 
solutions prepared by both■methods gave results which were identical 
within experimental error. Experimental solutions for the determination 
of the overall stability constant of tris(2,2f-bipyridyl)iron(ll) 
perchlorate and trls(5-nitro-1,10-phehanthroline)iron(II) perchlorate 
were prepared by the second method only.
For determinations of the overall stability constant of 
tris(2,2*-bipyridyl)iron(II) perchlorate above 100°C, it was found 
to be necessary to de-oxygenate all experimental solutions immediately 
before' absorbance .measurements were made. If the high temperature 
optical cells were filled in the atmosphere, experimental solutions 
rapidly lost their colour on heating to ca. l40°C and no meaningful 
measurements could be made. The procedure adopted, for filling the
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high temperature cells was as follows:- All six optical cells were 
placed in a large perspex glove box (Mercaplex AG., Switzerland,
Type 3111) together with a sufficient volume of each experimental 
solution. The glove box was then partially evacuated and oxygen- 
free nitrogen allowed to enter till the pressure inside the golve 
box returned to atmospheric pressure. This procedure was repeated 
at least three times until the environment inside the box was 
considered oxygen free. Each experimental solution v/as then bubbled 
for five minutes v/ith oxygen-free nitrogen saturated with water and 
the optical cells filled with solution in the normal way(Section 2.3-5)1 
all operations being carried out in the glove box under a nitrogen 
atmosphere. The filled and sealed cells were then removed from the 
glove box and absorbance measurements carried out in the normal way 
(Section 2.3*5)*
4*3*4 Continuous Variation Experiments
The method of continuous variation, frequently attributed to 
1^8
Job 1 who applied it to complex systems, has often been used in the
179 180determination of stability constants of metal complexes. ’
The use of the method for the determination of stability constants
57 153is, however, subject to certain strict limitations 1 but the
method is useful in determining the composition of a complex
^m^n1 s0 as n/m the ratio of ligand to metal is no greater
than three. For ratios of n/ra greater than three, interpretation
57of continuous variation plots becomes ambiguous. The method has
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been used in the present work to substantiate the frequently 
quoted assumption that the only complex present in significant 
amounts in the iron(II)/^L,10-phenanthroline system is the tris 
complex*
Consider the formation of a complex between a metal ion M 
and a ligand L (charges are omitted for clarity)
mM + nL M L  (4.21)in n
For a series of solutions in which the sum of the total 
concentrations of M and L is constant, but their proportions are 
continuously varied, we have
TM + Tt = c (4.22)M L
x = Tl /(Tm + Tl) (4.23)
The equilibrium concentrations of the species M, L and M L  
are given by the equations
[m ] = c(l - x) - m [m L I (4.24)
u J l m nJ
[l ] = cx - n [l!mLn] (4.25)
fM L ] = (5 [Ml m [Li n (4.26)
b m nJ mn L J L J
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where B is the overall stability constant of M L . mn . m n
The value of x at which the concentration of the complex reaches 
a maximum, xmax* can be obtained by differentiating equations 
(4.24) to (4.26) with respect to x, setting d []MmL J /dx = 0  and 
eliminating [m] and £l J :
(4.27)
(4.28)
(4.29)
If any property of the solution which varies linearly with 
is measured and plotted as a function of x, the ratio of the 
stoichiometric coefficients, n/m, can be obtained.
In the present case the property measured was the absorbance
of solutions of iron(ll) and 1,10-phenanthroline at a wavelength
of 510nm (the wavelength of maximum absorbance of the complex ion
trisX1,10-phenanthroline)iron(II)). Stock solutions of iron(ll)
were prepared by dissolution of iron powder in perchloric acid
(Section 4.3-3) and hence all experimental solutions contained
excess perchloric acid. Because the degree Of formation of the
complex is dependent on the hydrogen ion concentration, this was
-2kept constant by adding appropriate volumes of 1.000 x 10 M
m(cx - n T m  L I ) = n(c(l - x) - m T m L 1)
. m n —J L- m n —J
That is
and
mx = n(l - x ) max max
n/m = xmax /(l - xmax)
perchloric acid to each experimental solution.' Stock solutions of
1,10-phenanthroline were prepared as in Section 3*3* The composition 
of experimental solutions is shown in Table 4.4 and the resultant 
continuous variation plots in Figure 4.1.
It can be seen from Figure 4.1 that x = 0.75 for all threemax
temperatures, and hence the ratio n/m = 3/1- Although these curves 
alone are not sufficient to establish the absence of species other
2+than the tris complex, the concentrations of the species Fe(l,10-phen) 
and Fe(l,10-phen)2^+ under the present conditions at 25°C are
164 2,71
negligible ’ and the marked similarity of all three curves 
suggests that the species Fe(l,10-phen)^+ is the dominant species 
at all three temperatures. i
4.3-5 Autoclave Experiments and Qualitative Spectra
A number of autoclave experiments and qualitative spectral 
measurements were carried out on solutions of iron(II) and nickel(II) 
to assess the hydrolytic stability of these ions in the presence of 
some complexing agents. (The apparatus and procedure used in the 
autoclave experiments have been described in Section 3-3*4.)
Iron(II) Solutions
(1) A 0.1 M solution of iron(II) sulphate, 0.1 M with respect to 
sulphuric acid, was heated to 300°C for 1 h. After cooling a small 
amount of a fine pale red precipitate was present, but there were no 
significant changes in the properties of the solution. An insufficient
Table 4.4
Preparation of Solutions for Continuous Variation Analysis
x 10^T(Fe2+)/mol dm ^ loS?(l,10-phen)/mol dm ^ Absorbance
(25°C)
0.000 3.I25 0.000 0.000
0.100 2.813 0.312 0.062
0.200 2.500 0.625 0.157
0.300 2.188 0.937 O.256
0.400 1.875 1.250 0.358
0.300 1.562 1.563 0.456
0.600 1.250 1.875 0.552
0.666 1.042 2.083 0.607
0.700 0.937 2.188 O.63O
0.725 0.859 2.266 0.641
O.75O 0.781 2.344 O.650
0.775 0.703 2.422 0.647
0.800 0.625 2.5OO 0.617
0.900 0.312 2.813 O.343
1.000 0.000 3.125 0.001
c = T(Fe2+j + T(l,10-phen) = 3.125 x 10 mol dm
T + = 5.000 x 10 ^ mol dm ^ in all solutions
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a m o u n t  o f  p r e c i p i t a t e  w a s  o b t a i n e d  f o r  a n a l y s i s ,  b u t  K o n g  a n d  
1 0*1
S w a d d l e  r e p o r t e d  a y i e l d  o f  F e S O ^ . H ^ O  ( S z o m o l n o k i t e , A S T M  1 2 - 2 6 6 )  
a n d  a s m a l l  a m o u n t  o f  a - F e 2 0 ^  ( h e m a t i t e ,  A S T M  1 3 - 3 3 ^ )  a f t e r  h e a t i n g  
a 0 . 2  M  s o l u t i o n  o f  i r o n ( l l )  s u l p h a t e  0 . 1  M  w i t h  r e s p e c t  t o  s u l p h u r i c  
a c i d  f or 2b h  a t  3 0 0 ° C .  T h e  f o r m a t i o n  o f  t h i s  s u b s t a n c e  c a n  b e  
u n d e r s t o o d  i n  t e r m s  o f  t he " h y d r o l y s i s ” o f  d i v a l e n t  m e t a l  i o n s  
( e q u a t i o n  (A.30)), w h i c h  is s i g n i f i c a n t  a t  2 0 0 ° C  a n d  o f  m a j o r  
i m p o r t a n c e  a t  3 0 0 ° C ,  a n d  t h e  h i g h  t e m p e r a t u r e  b e h a v i o u r  o f  t h e  
s u l p h a t e  i o n
Ki
1 1 ( 1 0 )  2 +  M ( H , 0 )  ( 0 H ) +  +  H +  ( * U 3 0 )
cL X ^ X"*x
l 8 l  X82
T h e  i n s o l u b i l i t y  o f  F e S O ^ . H ^ O  a n d  c e r t a i n  o t h e r  b a s i c  s u l p h a t e s  ’ 
u n d e r  h y d r o t h e r m a l  c o n d i t i o n s  h a s  b e e n  e x p l a i n e d  b y  r e f e r e n c e  t o
lg7 2'm
r e p o r t s  J t h a t  t h e  s u l p h a t e  i o n  ( S O ^ " ) e x i s t s  a l m o s t  e x c l u s i v e l y  a s  
t he h y d r o g e n  s u l p h a t e  i o n  ( H & O ^  ) i n  w a t e r  b e t w e e n  300 a n d  A00°C, s o  t h a t  
a q u e o u s  F e S O ^  a t  300°C e x i s t s  a s  F e O H +  ( e q u a t i o n  A.30) a n d  H S O ^  • T h e s e  
c o m p o n e n t s  a r e  c o n s i d e r e d  t o  f o r m  F e S O ^ . I ^ O  i n  t h e  s o l i d  s t a t e .  T h e  
v e r y  s m a l l  y i e l d  o f  p r e c i p i t a t e  i n  t h e  p r e s e n t  e x p e r i m e n t  i s  m o s t  
p r o b a b l y  d u e  t o  t h e  m u c h  s h o r t e r  t i m e  t h e  s o l u t i o n  w a s  h e l d  a t  3 0 0 ° C  a n d  
t h e  p r e s e n c e  o f  a  h i g h e r  c o n c e n t r a t i o n  o f  a c i d  w h i c h  w o u l d  p u s h  r e a c t i o n  
( A .30) to  t h e  l e f t .
(2) A s o l u t i o n  o f  0 . 2 0 0 g  o f  1 , 1 0 - p h e n a n t h r o l i n e  i n  2 0 m l  o f  0 . 0 1  M  
iro n ( I T )  s u l p h a t e  s o l u t i o n  0 . 0 0 1  M w i t h  r e s p e c t  to'-sulphuric a c i d  
..showed n o  a p p a r e n t  c h a n g e  on  h e a t i n g  to 3 0 0 ° C  f o r  1 li. T h e r e  w a s  n o  
p r e c i p i t a t i o n  a n d  t h e  u . v . - v i s i b l e  s p e c t r a  b e f o r e  a n d  a f t e r  h e a t i n g
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-A , -A
w e r e  i d e n t i c a l .  A  s o l u t i o n  1 0  M  i n  i r o n ( I I )  s u l p h a t e ,  A  x  1 0  M
-5
i n  1 , 1 0 - p h e n a n t h r o l i n e  a n d  1 x  1 0  M  i n  s u l p h u r i c  a c i d  w a s  similarly- 
h e a t e d  w i t h  s i m i l a r  r e s u l t s .  T h i s  r e s u l t  m a y  b e  u n d e r s t o o d  i n  t e r m s  
o f  t h e  c o m p l e x i n g  a b i l i t y  o f  1 , 1 0 - p h e n a n t h r o l i n e  r e d u c i n g  t h e  
h y d r o l y s i s  o f  t h e  i r o n ( I I )  i o n  ( e q u a t i o n  A .30).
(3) A  s o l u t i o n  9 - 2 1  x  1 0  ^  M  i n  t r i s ( 2 , 2 f- b i p y r i d . y l ) i r o n ( l I )  
p e r c h l o r a t e  w i t h  n o  a d d e d  a c i d  g a v e  a f i n e  r e d  p r e c i p i t a t e  w h e n  
h e a t e d  to  2 0 0 ° C  f o r  1 h. T h e  v i s i b l e  s p e c t r u m  o f  t h e  s u p e r n a t a n t  
s o l u t i o n  a f t e r  h e a t i n g  s h o w e d  a  s m a l l  r e s i d u a l  a b s o r b a n c e  (ca. 1 / 6  
o f  o r i g i n a l )  a t  5 2 2 n m ,  i n d i c a t i n g  t h e  p a r t i a l  s u r v i v a l  o f  t h e  
c o m p l e x  ion. T h e  u . v .  s p e c t r u m  o f  t h e  s o l u t i o n  a f t e r  h e a t i n g  v/as 
s i m i l a r  t o  t h a t  o f  a  s o l u t i o n  o f  p r o t o n a t e d  2 , 2 ’- b i p y r i d y l .
68
It h a s  b e e n  r e p o r t e d  t h a t  a t  h i g h  t e m p e r a t u r e s  i n  n e a r  n e u t r a l  
s o l u t i o n  i r o n ( I I )  r e d u c e s  w a t e r .  T h i s  r e a c t i o n  ( e q u a t i o n  A . 3 1) is 
u n l i k e l y  at  2 5 ° C  (E° = - 1 . 6  (ref. 1 8 A ) )  b u t  m a y  b e  s u f f i c i e n t l y  
f a v o u r e d  a t  h i g h  t e m p e r a t u r e s  t h a t  r e m o v a l  o f  i r o n ( l l l )  b y  h y d r o l y t i c  
p r e c i p i t a t i o n  w o u l d  l e a d  t o  s u b s t a n t i a l  o x i d a t i o n  o f  i r o n ( l l ) .
2 H  0  +  2 F e 2 +  3±  2 F e 5 +  +  H  +  2 0 H "  (.k.31)
18*5 l86
In a d d i t i o n ,  p o t e n t i a l  - p H  d i a g r a m s  f o r  t h e  i r o n / w a t e r  s y s t e m  ’ 
s h o w  the i n c r e a s i n g  i m p o r t a n c e  o f  F e ^ O ^  o v e r  s p e c i e s  s u c h  a s  m a g n e t i t e  : 
( F e 70^) a n d  t he v a r i o u s  h y d r o x i d e s  a s  t h e  t e m p e r a t u r e  is i n c r e a s e d .
In t h e  c o n s t r u c t i o n  o f  s u c h  d i a g r a m s  the e q u i l i b r i a  i n i t i a l l y
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1 Pi**?
proposed by Pourbaix are considered and include reactions such 
as equation (A.32).
2Fe2+ + 3H,0- Fe O + 6H+ + 2e" (<t-32)
2 2 3
In the absence of direct experimental evidence we may postulate 
the following simplified equilibria to explain the above experimental 
results
’ [Fe(2,2’-bipyridyl)3] 2+ Fe2+ + 3(2,2'-bipyridyl) (A.33)
2Fe2+ + ’2H 0 2Fe3+ + H2 + 20H~ (A.3A)
2Fe3+ + 3H.0 Fe^O, + 6H+ (A.33)
2 2 3
2,2’-bipyridyl + H+ 2,2'-bipyridylH+ (A.36)
It is of course possible that the perchlorate anion is responsible 
for the oxidation of iron(II) according to
8Fe2+ + CIO^" + 8H+ 8Fe3+ + Cl" + Al^O (A.37)
but it would be difficult to account for the decrease in oxidation
which occurs with increasing acid concentration and certainly could
ll8not account for the formation of Fe_0 observed when a 0.2 M
2 3
solution of iron(II) sulphate was heated to 300°C. However, oxidation
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by both perchlorate and water may occur in the present experimental 
solutions at high temperatures but the introduction of other anions 
would lead to difficult problems of their own, particularly with 
regard to ion pairing at high temperatures. On balance, the 
perchlorate anion seems the best choice for work up to moderate 
temperatures by virtue of its very low tendency to complex with metal 
ions or form ion pairs.
The failure of water to oxidize iron(II) in the presence of acid
may be a consequence of the tendency of acid to suppress the hydrolysis
reactions of metal ions in solution, it being reasonable to assume
that reactions of this sort are involved in the reduction of water
l8l
by iron(II). Kong and Swaddle have shown that only a small
concentration of added acid will suppress hydrolytic precipitation
at 300°C. Although insufficient precipitate was obtained for
analysis, it seems likely that the substance is Fe^O^. It has been 
l8lreported that a 0.05 M solution of iron(ll) chloride heated to 
300°C for 2k h yielded -well crystallized oc-Fe.O but that no 
precipitate was formed when a 0.2 M solution of iron(ll) chloride 
was heated with 0.1 M hydrochloric acid at 300°C for 2k h.
Further indirect evidence for these proposals was obtained 
during initial attempts to determine the overall stability constant 
of tris(2,2,-bipyridyl)iron(ll) perchlorate. A set of experimental
solutions, all 2.026 x 10 ^ M in tris(2,2f~bipyridyl)iron(II) and
-.3
ranging in perchloric acid concentration from 1.8 x 10 . M to
- 17^ -
O3 x 10 M were heated to temperatures in excess of 100 C in the
multiple optical cell described in Section 2.3« When the optical
cells were filled in the atmosphere in the normal way, all experimental
solutions rapidly lost their colour on heating and a fine red solid
was precipitated, the most copious precipitates forming in the least
acidic solutions. The u.v. spectra of all solutions after heating
were similar to that of protonated 2,2'-bipyridyl. This precipitate
is almost certainly Fe^O and was very similar in appearance to that
obtained in autoclave tests on solutions of tris(2,2l-bipyridyl)iron(ll)
(see (3) above). In the presence of dissolved oxygen reaction O+.38)
occurs readily, followed by hydrolytic precipitation of Fe_0 atc. 3
elevated temperatures (equation 3*^5)•
i+Fe5+ + 2H20 GV.38)
When the experimental solutions were de-oxygenated and the 
optical cells filled in a nitrogen atmosphere (Section *+.3«3) 
reproducible absorbance measurements could be made to at least 
l60°C and the solutions were stable for a short time at 200°C.
Prolonged heating at 200°C resulted in a gradual loss of colour 
and the formation of precipitates in all but the most acidic 
solutions. Experimental solutions of tris(1,10-phenanthroline)iron(II) 
perchlorate (Section *t.3»3) behaved in an analogous manner.
The above results suggest that for those solutions where the 
ratio of metal to ligand is 1:3 (the present experimental conditions)
*fFe2+ + *+H+ + 02
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the upper temperature limit for characterizing the system in terms 
of simple metal-ligand equilibria is ca. l60°C for the 2,2’-bipyridyl 
complex and probably slightly higher for the 1,10-phenanthroline 
complex, which is the more stable of the two. Autoclave tests on 
solutions where a significant excess of ligand was present together 
with sufficient acid to suppress hydrolysis of iron(ll) ((2) above) 
indicate that measurements of the formation constants of the complexes 
could be made to much higher temperatures (possibly up to 300°^) 
with modifications to the experimental conditions.
The presence of the simple hydrolysis products of iron(II), 
particularly FeOH , is probably insignificant under the experimental 
conditions used in the determination of the formation constant of 
the complexes. The first hydrolysis constant of iron(II) has been 
measured^^’^ ^  at 25°C (log = ~9.*f9 (ref. 189)) and we may neglect 
reaction (A.39$ at low temperatures.
Fe2+ + H20 FeOH+ + H+ : (*f.39)
At higher temperatures this, reaction increases in importance 
and for temperatures much above 160°C would have to be considered 
in the calculation of the formation constant of the present complexes.
Nickel(II) Solutions
(l) A 0.3 M solution of nickel(II) sulphate at a pH«A was heated to
- 176 -
250°C for 1 h in the autoclave. On cooling, a small amount of a 
pale green solid was present, u.v.-visible spectra of the solution 
before and after heating were identical, although the spectrum after 
heating was less intense than that before, reflecting the loss of 
nickel(ll) ions from solution by precipitation. Insufficient 
precipitate v/as obtained for analysis, but it seems likely that the
-I 0*i
solid was NiSO^.I^O. Kong and Swaddle reported a 3 yield of the 
green solid NiSO^.H^O (ASTM 1-659) on heating a 0.05 M solution of 
nickel(II) sulphate to 25Q°C for 2k h. The low yield of solid in 
the present case reflects the shorter time of heating and higher 
acid concentrations compared to those used by Kong and Swaddle. .
(2) Spectra of a 0.3 M nickel(ll) sulphate solution at pH»*f
were obtained at temperatures of 20, 100, 150, 200 and 250°C using
the high temperature optical cell described in Section 2.2. The
spectra obtained (against air as a reference) are shown in Figure k*2.
The lower curves show the blank spectra of water illustrating (i) the
increasing cut-off in absorbance below 300nm resulting from
absorbance and scattering of the light by the windows and (ii) the
lower energy absorbance of water (comparing favourably with the work 
68
of Luck in the range from"900'— lOOOnm). The upper curves show the 
spectra of the nickel(ll) sulphate solution. The intensity of 
absorbance increases with temperature to 200°C, with the maximum 
absorbance shifting to longer wavelengths. At 250°C precipitation 
of NiS0^.Ho0 has occurred. On cooling the precipitate partially 
redissolved and the spectrum was similar to the initial spectrum at 
20°C.
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(3) Spectra of 0.1 M tris(l,10-phenanthroline)nickel(II) sulphate 
and 0.1 M tris(2,2'-bipyridyl)nickel(ll) sulphate were obtained 
using the high temperature optical cell described in Section 2.2 
from 20 to 250°C and are shown in Figures k.J> and respectively.
In both cases there is a fall in intensity of absorbance with 
increasing temperature and a shift of maximum absorbance to longer 
wavelength. The spectra pass through reasonably well defined 
isosbestic points and the presence of the complexing ligand prevents 
the precipitation of NiSO^.Ey).
The visible spectra of the nickel(II) complexes described arise 
from d-d transitions. For nickel(ll) in an octahedral field, there 
are three such transitions, the third band, which is not shown in 
Figures - occurring at about llOOnm for the hexaquonickel(II)
ion and at slightly shorter wavelengths for the 1,10-phenanthroline 
and 2,2’-bipyridyl complexes.
The shift in maximum absorbance to longer wavelengths with 
increasing temperature in the spectrum of aqueous nickel(H) can be 
attributed to (i) replacement of water by hydroxyl ion in the 
NiCl^O) complex, the ligand field strength of the hydroxyl ion 
being considerably less than that of water and producing a decrease 
in the splitting of the energy levels of the nickel(II) ion and hence 
a lower energy transition^^ and (ii) increasing distortion of the 
aquo-hydroxy complex of nickel(II) and increasing metal-ligand bond 
length again producing a decrease in energy level splitting as the
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temperature is raised. The.-shift in maximum absorbance to longer 
wavelengths with increasing temperature in the spectra of the 
tris complexes of 1,10-phenanthroline and 2,2'-bipyridyl with 
nickel(II) can also be attributed to increasing distortion of the 
complex and increasing metal-ligand bond distance producing a 
decrease in ligand field strength. Similar changes with temperature
176
have been observed in the visible spectra of copper(II) chloride 
complexes.
^.3.6 Choice of Wavelength for Absorbance Measurments
The visible spectra of the three iron(II) complexes investigated 
are shown in Figure 5• Under the present conditions the only
2+absorbing species in the visible region is the tris complex Fe(B)^
(B = 2,2'-bipyridyl, 1,10-phenanthroline or 5-nitro-l,10-phenanthroline)
and the choice of wavelength for measurement is not critical. Since
it v/as desired to keep all solutions as dilute as possible to
minimise activity effects and further that the maximum change in
/ \absorbance v/ith concentration of the species Fe(B) ~ is obtained 
' 3
where the extinction coefficient of the complex is at a maximum, the 
wavelength used in absorbance measurements was the wavelength of 
maximum absorbance in the visible region. The various wav.elengths 
used in the absorbance measurements are shown below:-
-  179 -
Compound A max(nrn)
Fe(2,2'-bipyridyl)7(C10^)o 522
Fe (1,10-phenanthroline)-,(010^)^ 510
FeCp-NO^-l^lG-phenrjnthroline^^CClO^)^ 517
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4.4 Results
The detailed experimental results for the determination of 
the overall stability constants of the three complexes studied 
are listed in Sections 4*4.1 to 4*4.5- Values of the acidity 
constant of 1,10-phenanthroline and 5-nitro-l,10-phenanthroline 
used in the calculations are given in Section 3*^* The value of 
the acidity constant of 1,10-phenanthroline at 33°C was obtained 
by interpolation using the pK -T relationship given in Section 
3.4.5. Values of the acidity constant of 2,2’-bipyridyl used in 
the calculations were determined by D . H ..Buisson using the same 
apparatus and techniques described in Section 3i and are listed 
in Table 4.5.
Table 4.5
Acid Dissociation Constant of the 2,2'-Bipyridylium 
Iona; 25 - 200°C
Temperature/0 C loSc^
0.476 ; .
0.579 
0.725 
I.03
1.51 
I.89
2.37 
3.06 
4.05 
4.78
■ 25
35
65
86
107
125
150
175
200
(a) Data from ref. 146
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Values of the acidity constant of 2,2'-bipyridyl at temperatures 
intermediate to "Chose shown were obtained by interpolation using 
the pK -T relationship given in ref. 146. Tables 4.6 to 4.8 give a
cl
summary of the stability constant for each compound at each 
temperature studied and Figures 4.6 - 4.8 give a representative 
example of a plot of the function used to calculate the stability 
constants (Section 4.2).
For'each set of results quoted, is the acidity constant of 
the appropriate ligand at the experimental temperature, A is the 
absorbance of the experimental solution at the wavelength of 
measurement (510nm, 512nm and.522nm respectively for the complexes 
of 1,10-phenanthroline, 5-nitro-l,10-phenanthroline and 2,2'-bipyridyl), 
T^+ = total concentration of hydrogen ion at 20°C and T(Fe2+) = total 
concentration of ferrous ion at 20°C (mol dm"" )^; T(phen), T(n-phen), 
and T(bipy) = total concentration of 1,10-phenanthroline, 5-nitro-
1,10-phenanthroline and 2,2'-bipyridyl respectively at 20 C (mol dm ), 
and [^ phenj , [n-phenj and fbipy] denote respectively the equilibrium 
concentrations of free 1 ,-10-phenanthroline, 5-nitro-l,10-phenanthroline 
and 2,2'-bipyridyl at the temperature of measurement (mol dm ^).
P_ is the overall stability Constant of the respective tris complex and 
e is the molar extinction coefficient of the complex at the 
wavelength of measurement. The path length in all cases was 1.00cm
and the standard deviations, sC^-) and s ( e ) of p_ and £ respectively,
j  . t>
have been calculated in the usual way (Section 4.2).
~ 182 -
4.4.1 Tris(1,10-phenanthroline)iron(11) Perchlorate
25°C
K = .1.542xlO"5; T(Fe2+) = 6.250xlO“5M; T(phen) = 1.875x10“^*ci
103Th+(20°C) A 10“19A/ [phen] 5
3.164 
5-212 
6.956 
8.481.
9.920
11.18
p = 4.877xl020, s(p )'/= 0.035xl020; e = 11 090, s( e ) = 60
33°C
K ' .= 1.795xlO“5; T(Fe2+) = 6.250xlO"5M; T(phen) = 1.875x10“^
a
1.000 0.606 1.037
2.000. 0.555 1.698
3.000 0.513 2.255
4.000 0.474 . 2.736
5.000 0.443 3.193
6.000 0.412 3.593
1.000 0.627
2.000 O.585
3.000 O.55O
4.000 0.517
5.000 0.490
6.000 0.462
p, = 1.318x1020, s(pj = 0.012x1020; e = 1 0  980, s( e ) = 71
2 2
- 187> -
45°C
K = 2.212xlQ~5; T(Fe2+) = 6.250xlO“5M; T(phen) = 1.875xlO~VCi
103Th+(20°C) A 10_l8A/ [phen] 3
1.000 0.571 2.059
2.000 O.5O5 3.345
3-000 0.452 4.413
4.000 0.403 5.302
5-000 0.365 6.155
6.000 0.325 6.809
= 1.948x1019, s((B3) = 0.024x1019; e = 10 920, s( t ) = 91
65°C
K = 2.989xlO“5; T(Fe2+) = 7-520xl0"5M; T(phen) = 2.256x10“^■ 3 • *-
103Th+(20°C) A 10-17A/ [phen] 3
0.500 0.694 1.094
1.000 0.625 1.760
2.000 6.517 2.807
3.000 0.432 3-633
4.000 O.365 4.347
5.000 0.306 4.916
,875x1017, s(p_) 
3
= 0.067xl017; e = 10 900, s( e )
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86°C
K = 4.097x10"5 ; T(Fe2+) - 7.520xl0~5M; T(phen) = 2.256x10"^3
103Th+(20°C) A 10~l6A/ [phen] 3
0.500 0.608 . 1.041
1.000 0.512 1.658
2.000 0.372 2.517
3.000 0.270 3.138
4.000 0.201 3.676
5-000 0.147 4.033
= 6.460xl016, s(p_,) = 0.107xl016; e - 10 460, s( e ) = 88 
.3 3
107°C
K. =■ 5.425xl0"5; T(Fe2+) = 7.520xl0“5M; T( phen) = 2.256x10*"^
3
105Th+(20°C) A 10”15A/ [phen] 3
0.500. 0.515 1.337
1.000 0.393 2.023
2.000 0.234 . 2.940
3-000 0.141 3.5^8
4.000 0.086 3.9^5
5-000 0.054 4.222
p, = 6.183x1015, s(pj = 0.171xl015; e = 10 010, s(e ) = 110
3 3
Table 4.6
Overall Stability Constant of [Fe(l,10-phenanthroline)3] 2+;
25 - 107°C
Temperature log (3-, P-, s(p_,) £ (510nm)
3 3. . 3 .
25 298.15 20.688 . 4.877x1020
200 .035x10 11 090
33 306.15 20.120 1 . 3 1 8 x 1 0 2 0
200.012x10 10 980
**5 318.15 19.290 1.948x1019 0.024x1019 10 920
65 338.15 17.99** 9.875x1017 0.067xl017 10 900
86 339.15 16.810 6.460xl016 0 .107xl016 10 400
107 380.15 15.791 6 .183x1015 0.171xl015 10 000
«
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k . k . 2  Tr'is(5-nitro-l,10-phenanthroline)iron(11) Perchlorate
25° C
K = 5.311x10” ;^ T(Fe2+) = 7.063xlO“5M; T(n-phen) = 2.120x10“^3- . ' . •
105Th+(20°C) A 10“l6A/ [n-phen] 3
0.A01 0.7^3 0.726
0.703 0.738 O.896
0.997 O.73I 1.0A9
1.300 0.72k 1.196
1.700 0.717 1.383
2.101 0.710 I.56A
»5xl017, s((3_) 
3 ;
= 0.063xl017; e = 10 9^0, s( g ) = 266
35°C '■
K = 5-988x10“^; T(Fe2+) = 7.065x10”^ ;  T(n-phen) = 2.120xl0~3M
103Th +(20°C) A 10"1V  [n-phen] 3
0.A01 0.722 1.669
0.703 . 0.713 2.029
0.997 0.703 • 2-339
1.300 . O.69V 2.670
I.7OO O.683 3.070
2.101 0.673 3.^62
Pv -- 3V>79xlO16, g (pv) — 0.119xl016;
3 3
c = 10 820, g( e ) =320
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45°C
K = 6.979x10"% T(Fe2+) = 7.063x10"%; T(n-phen) = 2.120x10"%3
103Th+(20°C) A 10~lkk/ [n-phenj 3
0.401 0.693 4.143
O.703 0.683 4.968
0.997 O.670 3.689
1.300 0.637 6.398
1.700 0.644 7.314
2.101 O.630 8.165
.'= 6 . 2 5 9 x 1 0 1 5 , s(p3) = 0.152xl015; e = 10 680, s( e ) = 226
65°C . ■
K = 8.970x10"^; T(Fe2+) = 7.065x10"%; T(n-phen) = 2.120x10"%
103Th +(20°C) . A 10’3A/ [n-phen] 3
0.401 0.629 3.431
0.703 0.606 3.967
0.997 V  O.586 4.460
1.300 O.567 4.9^3
1.700 0.545 5.564
2.101 0.522 6.125 .
P3 = 2.5V+xl01%  s(P3) = 0.036xl0lZf; e = 10 630, s( e) = 114
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86°C
K = 1.164x1O"3; T(Fe2+) = 7.065x10“% ;  T(n-phen) = 2.120x10"%3
103Th+(20°C) A 10“12A/ [n-phen] 3
0.401 0.490 3.700
O.703 0.463 4.168
0.997 0.435 4.556
1.300 0.411 4.958
I.7OO 0.384 5.^90
2.101 O.355 5.925 '
P, = 1.654x1013, s(pj = 0.036xl013; e = 9 828, s( e ) = 126 
3 3 '
107°C
K = 1.488xlO"3; T(Fe2+) = 7-065xl0~%; T (n-phen) = 2.120x10“%
3
103Th +(20°) . A 10"1:LA/[n-phen] 3
0.401 0.320 5.499
0.703 0.291 5.922
0.997 0.265 6.326
1.300 0.245 6.822
1.700 0.218 7.3^7
2.101 0.192 7.7k3
p. = 1.844xl012, s(pj = 0.060xl012; e =.8.335, s( e ) = 113
3 3
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Table 4.7
Overall Stability Constant of [Fe(5-nitro-l,10-phenanthroline)3] 2+;
25 - 107°C
Temperature log (3, p_ 's(P,) e(512nm)
3 3 3
25 298.15 17.387 2.435x1017 0.063x1017 10 9^0
35 508.15 16.566 3.679x1O1^ 0.119xl016 10 820
k5 318.15 15.797 6.259xl013 0.152xl013 10 680
65 338.15 14.405 2.5^ x l0lif 0.036xl0lif 10 630
86 359.15 13.219 1.654x1013 0.036xl013 9 800
107 380.15 12.266 1.844xl012 0.060x1012 8 300
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k.k.3 Tris(2,2’-bipyridyl)iron(11) Perchlorate
25°C
K = ^.760x10"^; T(Fe2+) = 1.013x10"V  T(bipy) = 3.039x10“^3.
103Th+(20°C) A 10"l6A/ [bipy] 3
0.300 0.769 2.^10
1.000 0.709 3.839
1.300 O .638 5.090
2.000 0.613 6 .I83
2.500 0.573 7.181
3.000 0.536 8.093
3.500 O.5O3 8.956
= 2.45zfxl017, s(p^) = 0 .012xl017; e = 8 561, s( e ) = 30
35°C
K = 5.790xlO“3; T(Fe2+) = 1.013x10"V  T(bipy) = 3 • 039x10"^3
0.500 0.73V  0.608
1.000 0.661 0.96 *f
1.500 0.599 1.262
2.000 0.5^5 1.523
2.500 0.^97 1.758
3.000 0.^53 1.966
3.500 0.^15 2 .16^
p, = if.858xl016, s(pj = O.Ol6xlOl6; e = 8 51^, sCe ) = 18
5 >
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45°C
7 .2 5 0 x l0 "3 ; T(Fe2+) = 1 . 013x K f V
-4
T(bipy) = 3-039x10 M
103Th+(20°C) A 10"13A/ [bipy] 3
0.500 0.694 1.498
1.000 0.606 2.333
1.500 0.533 3-025
2.000 0.470 3.619
2.500 0.415 4.138
3.000 0.367 4.600
3.500 0.326 . 5.032
9.5A 8xl013 , s(pj = 0 .050x l 013;j £ = 8 458, S( £ ) = 26
65°C
K = 1 . 030x10“ ^ ; T(Fe2+) = l.OlJxlO" V  T(bipy) = 3 . 039x l 0~ V
3.
103Th+(20°C) A lO^A/[bipy] 3
0.300 0.596 1.178
1.000 0.463 1.72A
1.500 0.370 2.181
2.000 0.29^  2.5^ 1
2.500 0.228 2.769
3.000 0.182 3-021
3.500 0.15A 3-^24
^  = A.777xl0lif, s(p_) = 0.275xl0lZf; e = 8 365, s( e ) = 208
2 7
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86°C
K = 1.510x10"^ ; T(Fe2+) = 1.0l3xl0" V  T(bipy) = 3-039x10" ^
3
103Th+(20°C) A 10"13A/ [bipy] 3
0.500 0.484 1.186
1.000 0.328 1.620
1.500 0.228 1.968
2.000 0.156 2.201
2.500 0.106 2.343
3.000 0.075 2.507
3.500 0.055 2.691
p, = 3.360xl013, s(p_) = 0.177xl013; e = 8 332, s( e ) = 133
5 5
107°C
K& = 1.890xl0_if; T(Fe2+) = 1.013x10" V  T(bipy) = 3-039x10"^
103Th+(20°C) A 10"12A/ [bipy] 3
0.334 1.792
O.I89 2.348
0.105 2.691
0.060 2.933
0.034 2.940
0.021 2.996
0.500
1.000
1.500
2.000
2.500
3.000
pv = 3.924x1012, s(pj = 0.l4lxl012 -e= 8 .130, s(e)-60
5 5
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100°C
K = 1.700x10"^; T(Fe2+) = 2.026x10"^; T(bipy) = 6.078x10“^3
103Th+(20°C) A 10~12A/[bipy] 3
0.300 1.108 3.466
0.600 O.896 4.408
O.9OO 0.810 5.658
1.200 0.699 6.563
1.500 0.638 7.786
P, =  8 . 9 6 0 x 1 0 1 2 , s'(pj = 1.320xl012; e = 8 000, s'( £■) = 600
5 j
120°C
K = 2.180x10"^; T(Fe2+) = 2.02bxl0~\4; T(bipy) = 6.078x10“^3'
0.300 0.911 0.682
0.600 0.669 0.782
0.900 O.57O 0.9d6
1.200 0.469 1.107
1.500 0.445 1.424
P3 = 1.346xl012, sCp^) = 0.424x1012; e = 7 052, s( e ) = 1  047
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140°C
K = 2.760x10"^; T(Fe2+) = 2.026x10“%!; T(bipy) = 6.078x10"%!3
103Th4-(20°C) A 10"11A/ [bipy] 3
0.300 0.622 1.409
0.600 0.435 1.538
0.900 0.346 1.824
1.200 0.267 2.047
1.500 0.230 2.519
p, = 2 . 506X1011 , s('P-jp') = 0 . 719X1011; e = 5 982, s( e ) = 6175 5
160°C
K = 3.Vt0xl0 ; T(Fe2+) = 2 . 026x l 0_V  T(bipy) = 6 .078xl0_lfM
cl
103TH+(20°C) A 10"10A/ [bipy] 3
0.284 1.760
O.I58 1.608
0.115 1.904
0.073 1.944
0.068 2.861
0.300
0.600
0.900
1.200
1.500
P5 = 3«106xl010, S(P3) = 1.565x1010; e = 4 279, s( e ) =720
- 195 -
Table 4.8
Overall Stability Constant of [Fe(2,2'-bipyridyl)^] 2+;
25 - 160°C
Temperature log p., p_ s(p_) e(522nm)
5 5 5
°C °K
‘25 298.15 17.390 2 .454x l0 lif 0 .012x l017 8 560
35 308.15 16.686 4 .858x l016 0.016x1O1^ 8 510
45 318.15 15.980 9.548x1013 0 . 050x l013 8 460
65 338.15 14^679 4.777xlOlZf
140.275x10 8 36O
86 359.15 13.526 3.360x l013 0.177x1O13 8 330
100 373-15 12.952 8 .960x l012 1 . 320x l012 ca.8 000
107 380.15 12.594 5-924x1012 0 . l4 lx l0 12 8 130
120 393.15 12.129 1 .346 .1012 0.424x1012 ca.7 000
140 413.15 11.399 2.506X1011 0.719X1011 ca.6 000
160 433.15 10.492 3 .H x l0 10 1 . 56x l010 ca.4 300
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h .k .b Thermodynamic Functions of Complex Formation
The effect of temperature on the equilibrium constant (K) of 
a reaction is related to the standard enthalpy change (AH0) by 
equation (1*3)• Integration of this equation gives equation (1.5)
InK = -AH°/RT + constant
and provides a means of estimating the standard enthalpy change of 
a reaction from measurements of the equilibrium constant over a range 
of temperatures. If a plot of InK against l/T is rectilinear within 
experimental error, the slope -AH°/RT, provides an average value of 
AH° over the experimental temperature range. In so far as AH0 is 
only coincidentally independent of temperature (this would require 
AC0 = 0) such a plot cannot be truly rectilinear, and equation 
(1.5) can be used in this way only as an approximation.
Figure f^.9 shows a plot of log (3_ against l/T for the three
' . ■ j
complex formation reactions studied. Values of AH0 derived from 
these plots by the method of least squares are listed in Table 4.9*
The free energy change (AG°) associated with the three complex 
formation reactions has been calculated at each experimental 
temperature from equation (1.2). These values of AG° have been used, 
together with the average value of AH0 of formation, to calculate an 
average value of the standard entropy change (AS°) of formation over
- 197 -
the experimental temperature range. Values of AS0 calculated in
this way, and the value of AG° at 25°C for each complex, are listed
in Table 4-.9. The standard deviations (s) of all the thermodynamic
117functions have been calculated in the usual way.
□  Fe (1,10-phen) ^ 2+
O  Fe(2,2'-bipy)^2+
#  Fe (5-NO -1,10-phen)-,2+
22
20
12
10
2.82.62.2
(io5/t)/ °k“1
Figure ;+.9 - Variation of log with l/T 
(the plot for Fe(5-N02-l,10-plien)^f+ is displaced one unit in Log p^ )
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k.5 " Discussion
The majority of determinations of the stability constants for the
three complexes studied are at 25°C, with one notable study of the
9k 1 -^
tris complexes of 1,10-phenanthroline and 5-nitro-l,10-phenanthroline
over a limited temperature range. Table ^.10 lists representative
values of the overall stability constants of the three' complexes,
together with the corresponding xralues obtained in the present work.
The agreement between the present values and previous determinations
is reasonable, although direct comparison is.difficult. The majority
of previous determinations were made at an ionic strength of 0.1 with
no correction for activity coefficients. The most direct comparisons
9k.lk2.may be made with the results of Lahiri and Aditya ’ who used a 
spectrophotometric method and worked at very low ionic strengths
_~z
(ca. 10 ~). Agreement between the present values for the
tri_s(1,10-phenanthroline)iron(II) complex and those of Lahiri and
Aditya is reasonable, although the present values are consistently
higher. Agreement between the values for the 5-nitro-l,10-phenanthroline
complex is considerably worse, although it should be noted that the
present value at 25°C (log (3_ = 17*39) is much closer to values
3
101 139
determined by other workers. ’ than that of Lahiri and Aditya.
One reason for the discrepancy between the results of Lahiri and 
Aditya and the present values may be that these authors calculated 
the concentration of complex present in their experimental solutions 
using the same ’’average” value of the extinction coefficient of the
- 200 -
Table *+.10 
Overall Stability Constant of Some
Tris Complexes of Iron(ll)
Ligand Log (3^ Temp./ °C Reference
1 ,10-phenanthrolirie 20.688 25 Present work
20.120 33 M
19.290 *+5 »»
20. *+9 25 9*+
19.89 33 9*+
19.0*+ *+5 ■9**
21.2 25 136
21.9 20 99
21.3 25 87
21.15 25 191
18.3 0 101
5-nitro- 17.386 25 Present work
1 ,10-phenanthroline 16.566 35 u
15.797 ' *+5
15.6*+ 25 l*+2
15.0 35 l*+2
l*+.5 *+5 l*+2
17.8 ? 101
18.1 25 139
2 ,2 '-bipyridyl 17.390 25 Present work
16.686 35 if
15.980 *+5 tr
17.^3 20 99
16.9*+ 25 16*+
17.5 25 136
17.1*+ 30 196
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complexes at all three temperatures. Agreement between the present 
value of the stability constant for the 2 ,2 '-bipyridyl complex and 
previous values determined by a number of different techniques is 
good. The agreement between the present values and published values 
determined by a variety of techniques is considered to justify the 
assumptions and method of calculation used in the present work. The 
present method has the advantage that separate measurements of pH 
are not required and is therefore of particular value for determinations 
of stability constants at high temperatures where pH measurement is 
difficult.
The variation of the overall stability constant of the three 
complexes with temperature is very similar (Figure *+.10), the value 
of the stability constant decreasing with increasing temperature in 
each case, as expected for complexes with large negative enthalpies 
of formation..
The relative order of the overall stability constants of the 
three complexes at 25°0 is [Fe(1,10-phenanthroline)j] ^
[Fe(2,2’-bipyridyl)^] [Fe(5-nitro-1,10-phenanthroline)^ ] ^+.
This.order is maintained throughout the temperature range of measurement, 
and correlates roughly with the basicities of the three ligands.
However, as mentioned in Section *+.1, the metal-ligand bond in these
l6y 3
complexes is often considered to have a partial double bond character, 1 
and changes in the x-acceptor or x-donor ability of the ligands produced 
by different substituents will effect the strength of the metal-ligand
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bond, but are unlikely to influence the pK& of the ligands. No 
simple relationship between the stability constants of such metal 
complexes and the basicity of the ligands is to be expected.^^1^ ^
The changes in enthalpy and entropy accompanying formation of 
the three complexes were derived from plots of log (3^ vs l/T. The 
slope of such plots, -AH°/2.3035R, provides an average value of AH0 
over the experimental temperature range, but is necessarily an 
approximation. Plots of log P, vs l/T for the three complexes 
studied are shown in Figure 4.9* The linearity of the plots over 
the experimental temperature range is good, indicating only small 
changes in the enthalpy of formation with temperature. Values of 
the thermodynamic functions of formation of the three complexes 
studied are shown in Table A.11, together with previously published 
values for comparison.
Agreement between the derived thermodynamic functions of 
formation of the complexes of 1 ,10-phenanthroline and 2 ,2 ’-bipyridyl 
in the present study and previously reported values is reasonable, 
considering the spread of previous values and the difficulty in 
comparing, values determined under different conditions.
The disagreement between the enthalpy and entropy of formation
of the 5-nitro-l,10-phenanthroline complex and the only previously 
lA?
reported values ' is difficult to explain, and in the absence of 
further data for comparison, little can be said. It should be noted,
Table if. 11
Thermodynamic Functions of Formation of
Some Tris Complexes of Iron(II)
Ligand AG°(25°C)/ 
kcal mol ^
AH°/kcal 
mol ^
AS°/cal 
deg”^ mol"^
Reference
1,10-phenanthroline -28.23 -31.2if -10.0 Present work
-28.5 -33.0 -15. if 99 a
-27-9^ -3I .32 -II.3 9if
-28.9 -32 -10 162
5-nitro-
1 ,10-phenanthroline
-23.72
-21.32
-32.71
-25.2
-30.if 
-I3.O
Present work 
lif2
2 ,2 ’-bipyridyl -23.73 -30.76 -23.6 Present work
-23.^ -31.33 -27.0 99 a
-23.9 -28.5 -15 162
-28.0 -13.8 1 9 6 b
- -2if.3 - 164
(a) Calorimetric determination at 20°C.
(b) Calorimetric determination at 30°c.
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however,that the present values for these thermodynamic functions
were derived from a greater number of experimental data points than
14-2those of Lahiri and Aditya, and further that the present value of 
the stability constant for the 5-nitro-l,10-phenanthroline complex 
at 25°0 is in better agreement with other reported values.^^*1^ ^
The formation of the tris complexes of all three ligands with 
iron(ll) is seen to be highly exothermic, with little difference in 
enthalpy of formation between all three complexes. The differences 
in the entropy of formation of the three complexes are most likely 
mainly associated with differences in the interactions of the complexes 
with the solvent. The entropies of formation of the complexes become 
more negative in the order 1 ,10-phenanthroline 2 ,2 '-bipyridyl
5-nitro-l,10-phenanthroline, and since only minor differences in the 
influence of the free ligands on the structure of the solvent water 
are to be expected, and in all three cases the same metal ion is 
involved, the differences in entropy of formation can be attributed 
to differences in the interactions of the complexes with the solvent.
The relative entropy changes suggest that the 5-nitro-l,10-phenanthroline 
complex has a greater interaction with and imposes a greater ordering 
on the solvent than does the 2 ,2 f-bipyridyl complex which in turn has 
a greater influence on the solvent than the 1 ,10-phenanthroline complex. 
In other words, the partial molar entropy of the complexes, relative 
to the free ligands and free metal ion decreases in the order 
1 ,10-phenanthroline 2 ,2 '-bipyridyl5-nitro-l,10-phenanthroline.
The entropy of formation of the 2,2'-bipyridyl complex would also
- 205 -
contain a substantial contribution from the loss of rotational 
freedom imposed on the 2,2*-bipyridyl molecule by co-ordination 
to the metal ion. In addition, the 2,2f-bipyridyl complex would 
be expected to interact more strongly with the surrounding solvent 
than the 1,10-phenanthroline complex because the smaller size of the 
2,2'-bipyridyl ligand allows closer approach of the solvent molecules 
to the charge site. The substitution of the polar nitro group in 
the 1,10-phenanthroline molecule would be expected to produce a 
relatively greater ordering influence on the solvent than the 
unsubstituted ligand when co-ordinated to the charged metal ion.
Ilawkins et al.^^~ stated that the relationship between the 
basicity of 5-nitro-l,10-phenanthroline and its ferrous complex 
could only be explained in terms of both the inductive effect of the 
nitro group and its mesomeric effect. The increase in stability of 
the complex over that predicted from the basicity of the ligand may 
be attributed to an increase in the Tt-bond character of the iron- 
nitrogen bond through back donation of electrons from the iron(ll). 
This effective re-distribution of charge over the complex would be 
expected to produce a relatively greater influence on the surrounding 
solvent water molecules than the unsubstituted complex where the 
degree of back donation of electrons from the iron(ll) is less.
The results obtained in the present study have shown the 
possibility of using a spectrophotometric method to measure stability 
constants of metal complexes in solution to high temperatures with 
good precision.
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A.I.
Program to calculate the acidity constant (K ) of the 1,10-
a
phenanthrolium ion from spectrophotometric data where buffers 
have been used to provide experimental solutions of known
pH (p.58).
MASTER BUFFCONST
DIMENSION AO(lOO)*A(lOO),S0(100),S(l00),P(l60),FI(100),Y(lOO), 
lSA(lOO),H(lOO),SI(100),X(100)
8 READ(l,15) NDATA 
15 FORMAT(13>
IF(NDATA.EQ.O) GO TO 9 
WRITE (2,1*0 NDATA 
l^ f FORMAT (10H1DATA TEMP ,13/)
100 F0RMATC5F10.4)
READ(1,600) BETA,C0,AK
600 FORMAT(3E10.4)
WRITE(2,601)
601 F0RMAT(6X,2HD0,8X,2HDI,8X,2HV0,9X,lHV,8X,2HAD,12X,*fHBETA,
19X,2HC0,11X,2HKA//)
WRITE(2,602) D0,DI,VO,V,AD,BETA,CO,AK
602 F0RMAT(5F10,^,6X,E10.4,3X,E10.4,3X,E10.^)
READ(1,102) N
102 FORMAT(13)
WRITE(2,202) N
202 FORMAT(6H0 N= ,I3//3X,1HJ,7X,5HAO(J),10X,5HS0(J),10,*fHD(J)/)
READ(l,103) (A0(J),S0(J),D(J),FI(J),J=1,N)
103 FORMAT ( 2E10. *t, 2F10.4)
WRITE(2,203) (J,A0(J),S0(J),D(J) ,J=1,N)
203 FORMAT (IX, 13,2E15. A, F12. *0 
C=C0*V/V0
DO 1 J=1,N 
A(J)ssA0(J)*V/V0 
S(J)=S0(J)*V/V0 
Y(J)=D(J.)
1 CONTINUE 
WRITE(2,10)
10 F0RMAT(//3X,lHJ,5X,^fHH(J),10X,5HFl(J),8X14HX(J)19X,4HY(J)) .
T»AL0G(10.0)
PKAa-ALOG(AK)/T 
DO 12 «Js*l ,N 
SA(J)=S(J)/A(J)
H(J)=EXP(-(PKA*T*ALOG(SA(J))))
12 continue 
h DO 5^ U=1,N 
M  Al=H(J)
1=0
B1=FI(J)♦♦2
B2=B1*(S(J)+C+BETA)+AK
B3=BETA*(S(J)*Bl+AK) + (AK*(C-A( J)))
B*+=A(J)*BETA* AK
2 1= 1+1 ■'
A2=A1-((B1*(A1**3)+B2*(A1**2)+B3*A1-B4)/(3*B1*(A1**2)+2*B2*A1+B3))
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IF(ABS((A2-A1)/A2).LE.i.E-5) GO TO 111 
A1=A2 
GO TO 2 
111 H(J)=A2
C1=BETA+H(J)+C 
C2aBETA+H(J)
/■ SI(J)«S('J) + (H(J)'*C1/C2): ■ '
FJ=EXP(-T* AD*((SQRT(SI ( J))/l+SQRT(SI («J) ) ) -0•3*S I(J))) 
IF((ABS( (FJ-FI( J))/FJ)).LE.FJ*l.E-5) GO TO 93 
FI(J):»FJ 
GO TO M+
93 FI(J)=FJ
X( J)as(DI-D(J) )/H( J)
3 b CONTINUE 
■■ SXsO 
’ SY=0
sxx=o
■ SXY=0 •
DO 5 J=1,N 
XJ=X(J)
YJ=Y(J)
SX=SX+XJ
SY=SY+YJ
SXX=SXX+XJ*XJ
5 SXY=SXY+XJ*YJ 
XN=N
GAMMA=r(SX*SY-XN*SXY)/(SX*SX-XN*SXX)
ALPHA=(SX*SXY-S Y*SXX) /(SX*SX-XN*SXX) 
TEST=ABS(GAMMA-BETA)/GAMMA 
IF(TEST.LE.GAMMA*l.E-3) GO TO 3 
BETAsGAMMA 
GO TO *+
3 WRITE(2,11) (JtH(J),FI(J),X(J),Y(J),Jml,N)
11 FORMAT (IX, 13, E12 • k , F12. *f, Fl6 . *f, F10. *t)
XK=BETA
WRITE(2,20*f)XK,ALPHA 
20*f FORMAT(6H0K1 = ,E15.*f ,5X,8HALPHA * ,E15.*f) 
sdyeO . ■ ' .
DO 6 Jasl,N
D YsrBET A* X ( J ) +ALPHA-Y (J )
6 SDY=SDY+DY*DY 
XNMlaeN-1
DEVY*SQRT(SDY/XNM1)
DEVBETA»DEVY*SQRT(XN*XN/(XNM1*(XN*SXX-SX*SX))) 
DEVALPHA«DEVY*SQRT(XN*SXX/(XNM1*(XN*SXX-SX*SX)))
WRITE(2,203) DEVBETA,DEVALPHA 
205 FORMAT(15H0DEVBETA XK = ^^.Jf^llHDEVALPHA e ,E15.*f) 
GO TO 8 
9 STOP 
END
FINISH
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Key to Data Symbols
NDATA Temperature(t°C)
DO A ■
■ ' O ' .
D 1  ■ - V  ■ ,
VO Density of water at 20°C
V Density of water at t°C
AD A(t) parameter in equation (3»20) at t°C
BETA Initial estimate of K& for 1,10-phenanthroline
CO Stoichiometric concentration of 1,10-phenanthroline at 20°C
AK Acidity constant of buffer acid at t°C
N Number of data points (J=l-N)
A0(J) Stoichiometric concentration of buffer acid in Jfth
solution at 20°C 
S0(J) Stoichiometric concentration of buffer salt in J'th
solution at 20°C 
D(J) Absorbance of J’th solution
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Program to calculate the acidity constants (K ) of the 1,10- 
' a
phenanthrolium ion and substituted 1,10-phenanthrolium ions from 
spectrophotometric data where the hydrogen ion concentration of 
experimental solutions has been varied by the addition of appropriate 
amounts of perchloric acid (p.60)•
MASTER DISSCONST 
REAL K
DIMENSION H(100),P0(l00),P(lOO),D(100),Y(100),X(lOO),
1PH(100),Z(100),PK(100),K(100)
8 READ(1,15) NDATA 
15 FORMAT(15)
IF(NDATA.EQ.O) GO TO 9 
WRITE(2,l4) NDATA 
14 FORMAT(10H1DATA TEMP,Ik/)
READ(1,100) DO,Dl,VO,V,CO,BETA 
100 FORMAT(4F10.4,2E10.4)
WRITE(2,201) DO,Dl,VO,V,CO,BETA
201 F0RMAT(6X,2HD0,8X,2HD1,9X,2HV0,9X,1HV,9X,2HC0,9X,4HBETA//F10.4, 
1F10.4,2F11.4,2El4.4)
READ(1,102) N
102 FORMAT(13)
WRITE(2,202) N ‘
202 F0RMAT(6H0 N = ,I3//3X,1HJ,7X,5HP0(J),10X,4HD(J)/)
READ(1,103) (P0(J),D(J),J*1,N)
103 FORMAT(E12.4,F10.4)
WRITE(2,203) (J,PO(J),D(J),J«1,N)
203 FORMAT(IX,13,E15.4,F12.4)
c=co*v/vo
DO 1 Jsl,N
p (j )*p o (j )*vA o
Y(J)sD(J) •
1 CONTINUE 
WRITE(2,10)
10 F0RMAT(//3X,1HJ,7X,4HH(J),11X,4HX(J),11X,4HY(J)/)
4 DO 2 J*1,N 
IaO
PC=P(J)
801 1* 1+1
Z3*PC-((PC"2+(C+BETA-P(J))*PC-P(J)*BETA)/(2.*PC+C+BETA-P(J)))
H(J)*Z3
IF(ABS((Z3^PC)/Z3).LE.l.E-5) GO TO 2
PC*Z3
GO TO 801
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2 X(J)=(DO-D(J))*H(J)
WRITE(2,ll) (J,H(J),X(J),Y(J),J=1,N)
11 FORM AT (IX, 13, 2E15. 4, 4F10 .4) '
302 CONTINUE 
SXaO
. ' SY=0 
SXXsO 
SXYaO
DO 5 J«1,N 
XJ*X(J)
YJaY(J)
SXaSX+XJ '
SY=SY+YJ
SXX«SXX+XJ*XJ
5 SXYssSXY+XJ*YJ 
XNaN
GAMMA=(SX*SY-XN*SXY)/(SX*SX-XN*SXX)
ALPHAa(SX*SXY-SY*SXX)/(SX*SX-XN*SXX)
TESTaABS(GAMMA- (1 ./BETA) )/GAMMA 
IF(TEST.LE.l.E-6) GO TO 3 
BETAal./GAMMA 
IF(I.GT.1020) GO TO 8 
GO TO 4
3 BET A=l./GAMMA 
XKaBETA
WRITE(2,204) XK,ALPHA
204 FORMAT(6HOK1 = 'tE15.4*5X15HDl a ,E15.4)
SDYaO
DO 6 J=1,N
DYal./BETA*X(J)+ALPHA-Y(J)
6 SDY=SDY+DY*DY 
XNMlaN-1
DEVYaSQRT(SDY/XNM1)
DEVPETAaDEVY*SQRT(XN*XN/(XNMl*(XN*SXX-SX*SX)))
‘ DEVALPHAaDEVY*SQRT(XN*SXX/(XNMl*(XN*SXX-SX*SX))) 
DEVKsXK** 2* DEVPETA 
RlaDEVK/XK*100 
WRITE(2,205) DEVK,DEVALPHA
205 FORMAT(10H0DEV XK a ,E15.4,5X,9HDEV Dl a ,E15.4) 
WRITE(2,303) R1
303 FORMAT(llHO^ ERROR a ,F10.4)
DO 7 J*1,N
WRITE(2t97) (J,H(J)tX(J),Y(J),JaltN)
97 FORMAT(IX,13,2E15.4,F10.4)
7 CONTINUE
C
C CALCULATION OF PKA FROM PKAaPH+LOG((D-Dl)/(DO-D))
C
DO 104 J*1,N
p h (j )»a l o g i o(i .o/h (j ))
Z(J)aAL0G10((D(J)-D1)/(D0-D(J)))
PK(J)*PH(J)+Z(J)
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K(J)=EXP(-2.30259*PK(J))
104 CONTINUE 
WRITE(2,105)
105 F0RMAT(/73X,1HJ,4X,5HPH(J) ,6X,4HZ(J) t5X,5HPK(J) ,iox,4hk(j)/) 
WRITE(2,106) (J,PH(J) ,Z(J) ,PK(J)-,K(J) , J=1,N)
106 F0RMAT(1X,I3,3F10.5,E15.4)
SUMsrO
TOTatO .
DO 108 J*1,N 
S UMsS UM+PK(J)
108 TOTssTOT+K(J) ■ ‘ '
XNssN
R2«SUMAN
r > tot/ xn
R4isEXP ( -2 • 30259* P2)
WRITE(2,109) R2
109 FORMAT(14H0AVERAGE PKA « ,F10.5)
WRITE(2,11) R3
111 FORMAT(13H0AVERAGE KA » ,E15.4)
WRITE(2,110) R4
110 FORMAT(22H0KA FROM AVERAGE PKA « ,E15.4)
GO TO 8
9 STOP 
END
FINISH
Key to Data Symbols
NDATA Temperature(t°C)
DO
Dl
V
VO Density of water at 20°C 
Density of water at t°C
CO Stoichiometric concentration of 1,10-phenanthroline, or 
substituted 1,10-phenanthroline at 20°C
BETA Initial estimate of for 1,10-phenanthroline, or
substituted 1,10-phenanthroline
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N Number of data points (J*l-N)
PO(J) Stoichiometric concentration of perchloric acid in J'th
solution at 20°C 
D(J) Absorbance of J'th solution
A.3-
Program to fit the equation pK *sA/T-B+CT to pK -T data for 1,10-
a a
phenanthroline and substituted 1,10-phenahthrolines. The equation is
p
fitted as the second degree polynomial TpK sA-BT+CT (p,12*t).8l
MASTER FITTING OF A PLOT TO A POLYNOMIAL
C
C THE NUMBER OF OBSERVATIONS MUST BE GREATER THAN M+l WHERE M IS THE
C HIGHEST DEGREE POLYNOMIAL SPECIFIED IF THERE IS NO REDUCTION IN THE
C RESIDUAL SUM OF SQUARES BETWEEN TWO SUCCESSIVE DEGREES OF THE
C POLYNOMIALS,THE PROGRAM TERMINATES THE PROBLEM BEFORE COMPLETING THE
C ANALYSIS FOR THE HIGHEST DEGREE POLYNOMIAL SPECIFIED
C.
C SUBROUTINES REQUIRED
C GDATA
C ORDER
C MINV
C ' MULTR
C PLOT
C THE FOLLOWING DIMENSION MUST BE GT. OR EQ. TO THE PRODUCT OF N*(M+l)
C WHERE N IS THE NUMBER OF OBSERVATIONS AND M THE HIGHEST DEGREE
C POLYNOMIAL SPECIFIED
DIMENSION X(1100)
C \
DIMENSION DI(lOOO)
DIMENSION D(500)
DIMENSION B(100),E(lOO),SB(100),T(100),FXX(100)
DIMENSION XBAR(50) ,STD(50) ,C0E(50) ,SUMSQ(500) ,ISAVE(60)
DIMENSION ANS(IO)
DIMENSION P(300),DB(100),RES(1000),RESS(1000)
DIMENSION XX(IOOO)
DOUBLE PRECISION X,XBAR,STD,D,SUMSQ,DI,E,B,SB,T,ANS,DET,COE
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1 F0RMAT(A4,A2,I5,I2,I1)
2 FORMAT(2F12.5)
3 FORMAT(27H1POLYNOMIAL REGRESSION......A4,A2/)
4 FORMAT (23HONUMBER OF OBSERVATIONS,16//)
5 FORMAT(32H0P0LYN0MIAL REGRESSION OF DEGREE,13)
6 FORMAT(12H0 INTERCEPT,D20,7)
7 FORMAT(26HO REGRESSION COEFFICIENTS/(6D20,7))
8 FORMAT(1H0/24X,24HANALYSIS OF VARIANCE FOR,l4,19H DEGREE POLYNOM 
HAL,/)
9 FORMAT(lHO,5X,19HSOURCE OF VARIATION,7X,9HDEGREE OF,7X,6HSUM OF,9X 
1,4HMEAN,10X,1HF,9X,20HIMPR0VEMENT IN TERMS/33X,7HFREEDOM,8X,7HSQUA 
lRES,7X,6HSQUARE,7X,5HVALUE18Xa7xiOF SUM OF SQUARES)
10 FORMAT(20H0 DUE TO REGRESSION, 12X,l6,D17.5,Dl4.5,D13.5,F20.5)
11 FORMAT(32H DEVIATION ABOUT REGRESSION ,l6,D17.5,Dl4.5)
12 F0RMAT(8X,5HT0TAL,19X,I6,D17.5///)
13 FORMAT(17H0 NO IMPROVEMENT)
14 FORMAT(1H0//27X,18HTABLE OF RESIDUALS//16H OBSERVATION NO.,5X,7HX 
1VALUE,7X,7HY VALUE,7X,10HY ESTIMATE,7X,8HRESIDUAL/)
15 FORMAT(1H0,3X,16,Fl8.5,Fl4.5,F17.5 > FI5.5)
100 READ(l, 1) J?R, PRI, N, M,NPLOT
WRITE(2,3} PR,PRI 
WRITE(2,4) N 
L=N*M
DO 110 1*1,N
Js:L+I •
READ(l,2) X(I),X(J)
X(T)«X(I)*1.0 
110 X(J)*X(J)/l.O
CALL GDATA (N,M,X,XBAR,STD,D,SUMSQ)
MM*M+1
SUM*0.0
NTacN-1
DO 200 1*1,N 
ISAVE(I)*I
CALL ORDER (MM,D,MM,I,ISAVE,DI,E)
CALL MINV (DI,I,DET,B,T)
CALL MULTR (N, I,XBAR,STD,SUMSQ, DI,E, ISAVE,B,SB,T, ANS)
WRITE(2,5) I 
IF(ANS(7)) 140,130,130 
130 SUMIP*ANS(4)-SUM
IF(SUMIP) 140,140,150 
140 WRITE(2,13)
GO TO 210 
150 WRITE(2,6) ANS(l)
% WRITE(2,7) (B(J),J*1,I)
WRITE(2,8). I 
WRITE(2,9)
SUM*ANS(4)
WRITE(2,10) I, ANS(4),ANS(6),ANS(10),SUMIP 
NI*ANS(8)
WR1TE(2,11) NI,ANS(7),ANS(9)
WRITE(2,12) NT,3UMSQ(MM)
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COECl)*ANS(l)
DO 160 J«l,i 
160 COE(J+l)aB(J)
l a »i ;
200 CONTINUE
210 IF(NPLOT) 100,100,220
220 NP>=N+N
DO 2350 1*1,N
NP>NP3+1
P(NP3)*C0E(1)
L*1
DO 23O J*1,LA
P(NP3)*P(NP3)+X(L)♦COE(J+l)
230 L*L+N
N2*N .
L*N*M
DO 240 1*1,N 
P(I)*X(I)
N2*N2+1
lajtL+1
2*+0 P(N2)*X(L)
WHITE(2,3) PH,PHI 
WHITE(2,3) LA 
WRITE(2,l4)
NP2*N 
NP3*N+N 
DO 250 1*1,N 
NP2*NP2+1 
NP>NP3+1
RES IDssP ( NP2 ) -P (NP3)
250 WRITE(2,15) I,P(I),P(NP2),P(NP3),RESID 
CALL PLOT (LA,P,N,3,0,1)
WRITE(2,203)
203 FORMAT (3*+H0C0EFFICIENTS OF ORIGINAL EQUATION//)
LA*LA+1
WRITE(2,20*0 (COE(J),J*1,LAL)
20*+ F0RMAT(1H0/3X,5HB1 * ,D15.7,5X,5HB2 * ,D15.7,5X,5HB3 * ,D15.7,5*, 
15HB*+ * ,D15.7,5X/5HB5 » ,D15.7,5Xv5HB6 * ",D15.7,5X,5HB7 - -,D15.7, 
15X,5HB8 * ,D15.7,/5HB9 « ,D15.7,6X,6HB10 * ,D15.7,*+X,6HB11 * ,
1D15.7i^ 6HB12 = ,Dl3.7/[fX,6HB13 * ,D15.7,*+X,6HB1*+ * ,D15.7, 
1*+X,6HB15 * ,D15.7//)
C
C DETERMINATION OF THE INTERPOLATED VALUES OF POLYNOMIAL
C
PX=273.15
PXsbPX-1 .
LILacO
Q*X(N)
26 LIL*LIL+1 
PX.PX+1 
JL*LIL 
XX(JL)*PX
IF(XX(JL)-Q)26,26,27
27 DO 772 JLLwl,JL 
RE3S(l)*0.0 
Jb LAL
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221 IF(J)772,772,222
222 HESS (JLL)*RESS (JLL) *XX(JLL) +C0E(J)
J*J-1
GO TO 221 
772 CONTINUE 
WRITE(2,75)
75 FORMAT (1H0/3X,26H INTERPOLATED VALUES OF TPK/)
WRITE (2,76)
76 FORMAT(//,4X,4HX(J),6X,6HTPK(J),4X/4HX(J),5X,6HTPK(J),4X,4HX(J),5X, 
l6HTPK(J),4X,4HX(J),5X,6HTPK(J),4X,4HX(J),5X,6HTPK(J),4X,4HX(J),5X, 
i6h t p k(j )//)
WRITE(2,553) (XX(JLL),RESS(JLL),JLL*1,JL)
553 FORMAT(12F10. 5)
DO 54 JLL*1,JL
54 XX(JLL) *0.0 
DO 55 J*1,LAA
55 DB(J)*0.0
DO 554 JLL*1, JL
554 RESS(JLL)*0.0 
GO TO 100 
END
C
SUBROUTINE GDATA (N1M,X,XBAR,STD,D,SUMSQ)
DIMENSION X(l000),XBAR(40.),STD(40),D(400),SUMSQ(40)
DOUBLE PRECISION X,XBAR,STD, D,SUMSQ,T1,T2 
IF(M-l) 1051105»90 
90 L1*0 
. DO 100 J*1,N 
L*L1+J 
K*L-N ■
100 X(L)*X(K)+X(J)
.105 MMaM+1 
DF*N .
LsO
DO 115 1*1,MM 
XBAR(I)*0.0 
DO 110 J*1,N 
L*L+1
110 XBAR(I)*XBAR(I)+X(L)
115 XBAR(I)*XBAR(I)/DF 
DO 130 1*1,MM 
130 STD(I)*0.0
L*((MM+l)*MM)/2 
DO 150 .1*1,L 
150 D(I)*0.0
DO 170 K*1,N 
L*0
DO 170 J*1,MM
L2«N*(J-l)+K
T2*X(L2)-XBAR(J)
STD(J)*STD(J)+T2
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DO 170 1*1,J 
Ll«N*(I-l)+K 
T1*X(L1)-XBAR(I)
L*L+1
170 D(L)*D(L)+T1*T2 
1*0
DO 175 J*1,MM 
DO 175 1*1,J 
I*L+1
175 : D(L)*D(L)-STD(I)*STD(J)/DF'.
L*0
DO 180 1*1,MM 
L*L+1
SUMSQ(l)*D(L)
180 STD(I)*DSQRT(DABS(D(L)))
1*0
DO 190 J*1,MM 
DO 190 1*1,J 
L*L+1
190 D(L)»D(L)/STD(I)*STD(J))
DF*SQRT(DF-1.0)
DO 200 1*1,MM 
200 STD(I)*STD(I)/DF 
RETURN 
END
C
SUBROUTINE ORDER (M,R,NCEP,K,ISAVE,RX,RY) 
DIMENSION R(400),ISAVE(50),RX(900),RY(90) 
DOUBLE PRECISION R,RX,RY 
MM*0
DO 130 J-1,K 
L2-ISAVE(J)
IF(NCEP-L2)122,123,123
122 L«NCEP+(L2*L2-L2)/2 
GO TO 125
123 L*L2+(NCEP*NCEP-NCEP) /2 
125 RY(J)*R(L)
DO 130 1*1,K 
L1*ISAVE(I)
IF(L1-L2) 127,128,128
127 L*Ll+(L2*L2-L2)/2 
GO TO 129
128 L*L2+(Ll*Ll~L2)/2
129 MMaMM+1
130 RX(MM)*R(L)
IS AVE(K+l)*NCEP
RETURN
END
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SUBROUTINE MINV (A,N,D,L,M)
DIMENSION A(1000),L(100),M(100) 
DOUBLE PRECISION A,D,BIGA,HOLD 
D*1.0 
NKb-N
DO 80 K*1,N
NK*NK+N
L(K)*K
M(K)*K
KK*NK+K
BIGA*A(KK)
DO 20 J*K,N 
IZ*N*(J-l)
DO 20 I*K,N 
IJ*IZ+I
10 IF(DABS(BIGA)-DABS(A(IJ))) 15,20,20 
15 BIGA*A(IJ)
L(K)*I 
M(K)*J 
20 CONTINUE 
J*L(K)
IF(J-K) 35,35,25 
25 KI.K-N
DO 30 1*1,N
KI*KI*N
HOLD*-A(KI)
JI*KI~K+J
A(KI)*A(JI)
30 A(JI)ssHOLD 
35 I*M+K
IF(I-K) 45,45,38 
38 JP*N*(I-l)
DO 40 J*1,N 
JK*NK+J 
JI»JP+J 
HOLDa-A(JK)
A(JK)*A(JI)
40 A(JI)*HOLD 
45 IF(BIGA) 48,46,48
46 DsO.O 
RETURN
48 DO 55 1*1,N .
IF(I-K) 50,55,50 
50 IK*NK+1
A (IK) *A (IK) / ( -BIG A)
55 CONTINUE
DO 65 1*1,N
IK*NK+I
H0LD*A(IK)
IJ*I-N.
DO 65 J*1,N
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IJkIJ+N
IF(I-K) 60,65,60 
60 IF(J-K) 62,65,62 
62 KJ=IJ-I+K
A(IJ)kHOLD*A(KJ)+A(IJ) 
65 CONTINUE 
KJsK-N 
DO 75 J*1,N 
KJaKJ+N
if(j-k) 70,75,70’
70 a(kj)*a(kj)/biga
75 CONTINUE 
D=D*BIGA 
A(KK)*1.0/BIGA 
80 CONTINUE 
K*N 
100 K*(K-l)
IF(K) 150,150,105 
105 I»L(K)
IF(l-K) 120,120,108 
108 JQ*N+(K-l)
JR*N*(l-l)
DO 110 J*1,N
JUQ+J
HOLDsA(JK)
JlaJR+tJ
A(JK)*-A(JI)
110 A{J£)=HOLD 
120 J=M(K)
IF(J-K) 100,100,125 
125 KIsK-N
DO 130 1*1,N
KlaKI+N
HOLD*A(KI)
JlaKI-K-hJ
A(KI)*-A(JI)
130 A(JI)*HOLD 
GO TO 100 
150 RETURN 
END
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SUBROUTINE MULTR (N,K,XBAR,STD,D,RX,RY,ISAVE1S,SB,T,ANS) 
DIMENSION XBAR(40),STD(40),D(400),RX(900),RY(90),ISAVE(50) 
1,B'(50) ,SB(50) ,T(50) , ANS(IO)
DOUBLE PRECISION XBAR,STD,D,RX,RY,B,SB,T, ANS,RM,BO,SSAR,
1 SSDR,SY, FN, FK,SSARM,SSDRM,F 
MM*K+1 
DO 100 J*1,K 
100 B(J)»0.0
DO 110 J*1,K 
Ll*K*(J-l)
DO 110 1*1,K 
.Lax LI+1
110 B(J)«B(J)+RY(I)*RX(L)
RMaO.O *
BOaO.O
LlalSAVE(MM)
DO 120 1*1,K 
RM*RM+B(I)*RY(I)
LalSAVE(l)
B(I)*B(I)*(STD(L1)/STD(L))
120 BO*BO+B(I)*XBAR(L)
B0*XBAR(L1) -BO 
SSAR*RM*D(L1)
122 RM-DSQRT(DABS(RM))
SSDR*D(Ll)-SSAR
FNbN-K-1
SY*SSDR/FN
DO 130 J*1,K
Ll*K*(J-l)+J
L=ISAVE(J)
125 sb(j)«dsqrt(dabs((RX(L1)/D(L)*SY))
130 t(j)*b(j)/sb(j)
135 sy*dsqrt(dabs(sy))
■ FKaK 
SSARM*SSAR/FK 
SSDRM*SSDR/FN 
FaSSARM/SSDRM 
ANS.(l)«BO 
ANS(2)»RM 
ANS(3)*SY 
ANS(4)*SSAR 
ANS(5)*FK 
ANS(6)*SSARM 
ANS(7)*SSDR 
ANS(8)»FN 
ANS(9)aSSDRM 
ANS(lO)*F 
RETURN 
END
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SUBROUTINE PLOT (NO,A,N,M,NL,NS) 
DIMENSION OUT(lOl),YPR(ll)fANG(9),A(300)
1 F0RMAT(1H1,60X,7TH CHART ,13//)
2 FORMAT(1H ,F11.4,5X,101Al)
3 FORMAT(1H )
4 FORMAT(lOH 123456789)
5 FORMAT(10A1)
7 FORMAT(1H ,l6X,101H.
8 F0RMAT(1H0,9X,11F10.4)
NLL*NL
IF(NS) 16,16,10
10 DO 15 1*1,N 
DO 14 J*I,N 
IF(A(I)-A(J)) 14,14,11
11 L=I-N 
LUJ-N
DO 12 K=k,M 
LsL+N 
LL=LL+N 
FaA(l)
A(L)»A(LL)
12 A(LL)*F
14 CONTINUE
15 CONTINUE
16 IF(NLL) 20,18,20 
18 NLL*50
20 WRITE(2,1) NO 
REWIND 13 
WRITE(13,4)
REWIND 13
READ(l3,5) blank,(ang(i),1=1,9)
REWIND 13
XSCAL=(A(N)-A(l))/(FLOAT(NLL-l))
M1=N+1
YMINasA(Ml)
YMAX»YMIN
M2=M*N
DO 40 J*M1,M2 
IF(A(J)-YMIN) 28,26,26 
26 IF(A(J)-YMAX) 40,40,30 
28 YMIN*A(J)
GO TO 40 
30 YMAXasA(J)
40 CONTINUE
YSCAL-(YMAX-YMIN) /lOO.0 
XB*A(1)
L*1 
. MY=M-1 
1*1 
45 F=I-1
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XPR*XB+F*XSCAL 
IF(A(L)-XPR) 50,50,70 
50 DO 55 IX*1,101
55 OUT(IX).BLANK 
DO 60 J*1,MY 
LLmL+J^N
JP«((A(LL)-YMIN)/YSCAL)+1.0 
OUT(JP)*ANG(J)
60 CONTINUE
WRITE(2,2) XPR,(OUT(IZ),IZ*l,10l) 
L.L+1 
GO TO 80 
70 WRITE(2,3)
80 1*1+1
IF(I-NLL) 45,84,86 
84 XPR*A(N)
GO TO 50 
86 WRITE(2,7)
YPR(1)*YMIN 
DO 90 KN*1,9 
90 YPR(KN+1)*YPR(KN)+YSCAL*10.0 
YPR(11)*YMAX
WRITE(2,8) (YPR(IP),IP*1,11)
RETURN
END
C
SUBROUTINE PDER (Y,IDIMY,X,IDIMX) 
DIMENSION X(20),Y(20)
IF(IDIMX-I) 3,3,1
1 IDIMY*IDIMX-1 
EXPTaO.
DO 2 I*1,IDIMY 
EXPTaEXPT+1
2 Y(I)*X(I+1)*EXPT 
GO TO 4
3 IDIMYaO
4 RETURN 
END
C '
SUBROUTINE PVAL (RES,ARG,X,IDIMX) 
DIMENSION X(20)
RESaO.
JalDIMX
1 IF(J) 3,3,2
2 RES*RES*ARG+X(J)
J*J-1
GO TO 1
3 RETURN 
END 
FINISH
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Key to Data Symbols
Problem No. (maybe alphanumeric)
Problem No. continued 
Number of data points (I**J«1-N)
Highest degree polynomial specified 
Option code for plotting
0 if plot is not required
1 if plot is required 
Temperature (T°K) of I’th data point
(independent variable)
Product of temperature and pK^ at T°K of I'th data point 
(dependent variable)
A.4.
Program to calculate the overall stability constants (0_) of the
j
tris complexes of 1,10-phenanthroline and related ligands with iron(II) 
from spectrophotometric data where the degree of formation of the 
complexes has been varied by the addition of appropriate amounts of 
perchloric acid (p.157)•
MASTER STABCON 
REAL MO,L,M
DIMENSION P(lOO),X(lOO),Y(lOO)
9 PEAD(1,15) NDATA 
15 FORMAT(13)
IF(NDATA.EQ.O) GO TO 10k 
WRITE(2,l4) NDATA 
14 FORMAT(10H1DATA TEMP,lV)
PR 
PRI 
N :
M
NPLOT
X(I)
X(J)
READ(l,10l) XKA,MO,V,VO,XK,PH,L
101 FORMAT (2 ( 2E10. k, 2F10 . *f) )
WRITE(2,201) XKA,MO,V,VO,XK,PH,L
201 FORMAT(27H0STAB. CONST. OF FE C0MPLEV/,9X,2HKA,12X12HM0,11X,
1 1HV , 13X,2HV0,11X ,4HKEST,10X,5HPHEST,10X,1HL//
2 lX12(2Elif.if,2(F11.4,3X))//)
READ(1,102) N
102 FORMAT(13)
WRITE(2,202) N
202 FORMATION * ,13// 9X,1HI,2HP0,10X,1HX/)
READ(1,103) (P(J),X(J),J*1,N)
103 FORMAT ( E10 • k, F10. )
WRITE(2,203) (J,P(J),X(J),J«1,N)
203 FORM AT (110, El*f. k, F10 . b)
FACT*eV/VO
M«MO*FACT 
XNsN 
XNMlnsN-l 
DO 7 Jb 1,N
7 P(J)aP(J)*FACT
8 CONTINUE 
A2«1./XK
A*f*0 • 75*M*XKA* A2 
DO 1 J«1,N 
I«0
A1»XKA*P(J)
A>(A1-0.75*M)*A2
2 I-I+l
. PHSQ*PH*PH
Z>PH-( ( ( (PH+A1) *PHSQ+A2) *PH+A3) ♦PH-A^f)/
1 (((5.*PH+4.A1)*PHSQ+2.*A2)*PH+A3)
Z«Z3**3
IF(ABS((Z3-PH)/Z3).LE.l.E-5) GO TO 1 
PH*Z3 
GO TO 2 
1 Y(J)*X(J)/Z
WRITE(2,105)
105 FORMAT(/8X ,2H01,7X,4HY(J),8X ,4HX(J) /)
WRITE(2,106) (J,Y(J) ,X(J)-, J«1,N)
106 FORM AT (110, El*f. k, F10. b)
SX«0.
SYxstO.
sxx*o.
SXY-O.
DO 3 J«1,N 
XJ»X(J)
YJb Y(J)
SXbSX+XJ
SYhSY+YJ
SXX«SXX+XJ*XJ
3 SXY«SXY+XJ*YJ 
DENbXN*SXX-SX*SX
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ALPHA®(SX*SX-XN*SXY)/DEN 
BETA®(SY*SXX-SX*SXY)/DEN 
IF(ABS((ALPHA-XK)/ALPHA) .LE.l.E-5) GO TO *+
XK®ALPHA 
GO TO 8 
k SY®0.
DO 5 J«1,N
DY«-ALPHA*X(J)-Y(J)+BETA 
3 SY«SY+DY*DY
DEVY*SQRT (SY/XNMl)
DEVXK®DEVY*SQRT(XN*XN/(XNM1*DEN))
DEVB*DEVY*SQRT (XN*SXX/(XNM1*DEV) )
FACT«*+./(M*XK*L)
EPS*sBET A* FACT 
DEVE«DEVB*FACT
WRITE(2,20*+) ALPHA,BETA,EPS,DEVXK,DEVB,DEVE 
20k FORMAT(1HO,16X,5HALPHA,9X,4HBETA,9X,?HEPSILON//11X,3E1*+.k// 
1 11H DEVIATIONS,3Elif.VlHl)
GO TO 9 
10*+ STOP 
END 
FINISH
Key to Data Symbols
NDATA Temperature(t°C)
XKA Acidity constant of ligand at t°C
MO Total concentration of ligand plus metal ion at 20°C
VO Density of water at 20°C
V. Density of water at t°C
■XK Initial estimate of for complex
Initial estimate of free ligand concentration at t°C
Optical path length (cm)
Number of data points (J«l-N)
PH
L
N
P(J) Stoichiometric concentration of perchloric acid in J'th
solution at 20°C
X(J) Absorbance of J'th solution
- 2*+0 -
A.5.
Conversion factors and constants
1 thermochemical calorie ® *f.l8*f J
1 bar * 105 N rrf2
gas constant (R) « 8.31*+ J mol”'L deg-1
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—Abstract The design and operation  are described o f an 
optical cell and supporting  appara tus for m aking precise 
ibsorbance m easurem ents o f dilute aqueous solutions over 
he tem perature range 25-250°C . Results obtained in 
—studies on  the dissociation o f salicyclic acid and  o f the 
>-phenanthrolium cation  show th a t precision o f better than 
± 1 % in absorbance is obtainable over this tem perature 
“ “ange.
■  Introduction
■This com m unication concerns an  appara tus which has been 
lsed in the spectrophotom etric determ ination  o f therm o- 
lynamic equilibrium  constants in aqueous solution a t tem pera- 
ures up to 250°C. The determ inations, m ade w ith solutions 
)f ionic strength less than  2 x l 0 -3, required a  precision in 
a b s o r b a n c e  m easurem ent (about ±  1 %) sim ilar to tha t ob ta in ­
a b l e  under ordinary  conditions bu t seemingly no t obtainable 
vith high tem perature appara tus described in the literature.
T he m ajor problem s in m aking reliable m easurem ents at 
ligh tem peratures stem  from  the reactivity o f h o t aqueous 
— olutions and from  the complexity o f apparatus. Use o f 
>ptical cells containing a sealed inner cell o r liner (G iggenbach 
971, Scholz et al. 1972) considerably reduces the effects o f 
—eactivity. The present appara tu s contains a new type of 
nner cell and  is convenient and reliable in use despite its 
—:omplexity and ra ther large size. The optical cell is routinely 
■ ism a n tle d  for inspection and  filling bu t m easurem ents o f the 
equired precision m ay nevertheless be m ade on a series o f 
olutions during a w orking day. F o r qualitative m easurem ents 
■-he appara tus is designed for use a t tem peratures up to 375°C 
nd  pressures up to  1 kbar.
—  Apparatus
The optical cell, furnace, carriage, pressure system and 
pectrophotom eter which m ake up the appara tus are illus­
t r a t e d  in figures 1, 2 and 3.
High pressu re  
Cell body n(lin9 E n d -p la te
W indow cap W indow internal cell
'igure 1 The optical cell
Figure 2 M ounting o f the optical cell
Nitrogen
Pressure 
fj- fuse Furnace and 
optical cellPiston
In le t
■T.V,
Flexible
capillaryScrew press Oil seal
Figure 3 The pressure system
The m ain construction  o f the optical cell is based on  a 
well established design (Pressure P roducts Inc.). I t consists 
o f a body, end-plates and  threaded window  caps o f  nim onic 
80A steel which together form  a hollow  cylinder o f  overall 
length 14-2 cm, outside diam eter 8-3 cm  and  m inim um  
internal diam eter 1-75 cm. In ternal surfaces are gold-plated. 
The windows are fuzed quartz  cylinders 3 1 8  cm in d iam eter 
and  1-93 cm thick. T hin Teflon gaskets (not show n) separate 
the w indow  end-plate surfaces.
The internal cell is m ade o f Teflon and  is in three parts, 
each being a  short, flanged, tube o f internal d iam eter 1 -50 cm, 
wall thickness 0-10 cm and outside d iam eter (including the 
flanges) 2-22 cm. The central part, which is 0-82 cm long, 
fits to  the inner annulus o f  the m ain cell and  the tw o ou ter 
parts, each 0-22 cm long, fit correspondingly to  the two 
window caps. As the flanges have a greater external diam eter 
than  the internal diam eter o f the m ain cell and  w indow  caps, 
tem porary d istortion  o f the parts is necessary during fitting. 
W hen assem bled w ith the windows, the in ternal cell form s a 
pressure-tight cylinder, w ith the flanges acting as seals, in 
which a liquid m ay be contained in con tac t w ith quartz  and  
Teflon only. A  shallow annular groove on  the outside o f the 
Teflon midway between the windows perm its pressurizing 
fluid (water) to  be pum ped through the m ain cell via the two 
high pressure connections. The gaskets between the  body and 
end-plates are either o f Teflon o r o f  gold-plated copper. They 
can be used to  prevent a  large pressure difference across the 
sealing surfaces o f the inner cell.
T he furnace consists o f two blocks o f H E  30 W P alum inium  
alloy, 10-2 cm square and 8-9 cm long, bored  and milled to
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accommodate closely the optical cell, eight 120 W  cartridge 
heaters and eight annealed copper cooling tubes. It is fitted 
with" 0-5 dm asbestos board insulation. The cartridge heaters 
are 8-6,cm long and 0-95 cm in diameter with glass fibre 
sheathed leads. Temperature is controlled to ± 1°C by means 
of a Lilliput controller type 017 (Eurotherm-Stanton Redcroft 
Ltd) fitted with a Chromel-Alumel thermocouple and is 
measured in the cell by means of a high pressure iron- 
constantan thermocouple, the probe of, which extends within 
a thin Teflon sheath to the surface of the inner cell. The 
cooling tubes are four U tubes of 0-5 cm outside diameter, 
each about 25 cm long, which are pushed into the block and 
connected to the cold water supply.
An ML 10 lathe bed (Myford Ltd) fitted with a modified 
cross slide forms the precision carriage of the optical cell and 
furnace. The furnace is located on the cross slide by means 
of two shallow drillings in the base of each block and four 
adjustable studs on the upper plate of the cross slide, the mass 
of the cell and furnace being sufficient to prevent lifting-off 
under normal working conditions. The bed is parallel to and 
behind the spectrophotometer so that the cross slide may be 
used for moving the cell into the light beam and the main 
run of the bed for moving it well away from the collimator. 
The carriage accommodates four modes of movement, the 
two mentioned above and small amounts of vertical and 
rotational movement for obtaining optimum alignment of the 
cell with respect to the light beam. The extent of movement is 
closely controllable with adjustable stops.
The pressure system has similarities to those of Ludemann 
and Mahon (1969) and Dobson (1971). Hydraulic oil pressure 
is generated in a modified dead weight tester and oil seal 
(Budenberg Gauge Co. Ltd). The priming pump Vi functions 
up to 9 bar and the screw press to 1 kbar. Pressure is trans­
mitted to the cell via stainless-steel fittings (Pressure Products 
Inc.) which include a pressure fuse and piston assembly, 
flexible capillary and high pressure valves V3 and V4.
Water or aqueous solution, which may be effectively freed 
from dissolved oxygen and carbon dioxide in a simple inlet 
system, is admitted at V3 under a small nitrogen pressure and 
is separated by the piston from water in the pressure fuse 
assembly. The piston is sealed with a Viton O ring. Valve V4 
is used to isolate solution in the cell from the rest of the system 
and a third valve V5 is used to control passage of water or 
solution through the cell. The capillary, which consists of 
6 m of 0*08 cm internal diameter annealed 321 steel, facilitates 
free movement of the optical cell at high temperature and 
pressure.
Absorbance measurements are made with a modified 
Hilger H 700 spectrophotometer. In order to accommodate 
the optical cell in the light beam between the light source and 
the collimator, the source housing has been repositioned 
some 24 cm from the collimator and contains a new condens­
ing mirror which re-focuses the beam on the entrance slit. 
The beam is stopped down to prevent partial cut-off by the 
material of the cell but without serious loss in sensitivity in 
the measuring set. A coil of copper tubing through which 
water is passed is fitted to the collimator for cooling purposes.
3 Operation
In the determination of the first dissociation constant of 
salicylic acid at 125°C the following procedure was adopted. 
An aliquot of one of a set of solutions of salicylic acid (Ernst 
and Menashi 1963) was placed in the inner cell with the aid 
of a small pipette. For this purpose the main cell was stood 
upright with one end-plate and window assembly bolted in 
place. The second end-plate and window assembly were 
lowered on to the solution leaving a small vapour space. This
space prevented undue build-up of pressure in the inner cell 
it was too small to interfere with the light beam. Bolts 01 
both end-plates were tightened to give a preselected gap 
determined with a feeler gauge, between the end-plates anc 
cell body. The cell was connected to the capillary and, togethe: 
with the furnace, was placed on the carriage. Water wa: 
pumped into the space between the walls of the inner an< 
outer cells under a small nitrogen pressure via V3 and residua 
gas bubbles were removed after closing V3 by alternately 
applying pressure with Vi and releasing it via V5. The systen 
was pressurized to about 9 bar and V2 and V4 were closed 
In this way the cell was filled, assembled and made ready foj 
heating in less than 5 min. Heating and equilibration a 
125°C were accomplished in the following 30 min.
During the equilibration time the alignment of the optica 
cell was minutely adjusted to obtain a preselected low absorb 
ance reading (normally 0-108) at 400 nm. This reading 
represented the background absorbance of the cell becaus< 
salicylic acid does not absorb significantly at the wavelengtl 
in question. The wavelength drum was reset, nominally a 
326 nm, with the aid of a standard salicylic acid solutior 
contained at 25 °C in a 1 cm cell in the ordinary cell compart' 
ment of the spectrophotometer. This operation was necessary 
owing to the steepness of the absorption band at 326 nm 
The absorbance of the solution at 125°C was measured anc 
corrected for background absorbance (0-131) measurec 
previously with water or perchloric acid in the cell. The 
cell was cooled to room temperature, depressurized anc 
dismantled during a period of about 1 h.
-By repeated use of this procedure with other solutions ol 
salicylic acid sufficient data were obtained to show the absence 
of adverse deviations from the Lambert-Beer law (figure 4
0-6
0-4
0-2
0-2 0-6 0-8 I
Concentration of salicyclic acid (mol dm )
Figure 4 Graph of absorbance of salicyclic acid in 1 M 
perchloric acid at 125°C against concentration of salicylic 
acid
and to obtain a value of the first dissociation constant o 
salicylic acid ((0-733 ±0-012) x 10-3) at 125°C in good agree 
ment with that obtained conductimetrically by Smolyako- 
(1967). Reproducibility in absorbance measurement wa 
normally between ± 0-5 and ± 1 %. It should be noted tha 
actual values of the wavelength of measurement, backgrount 
absorbance and optical path length were not required in th< 
determination but merely had to be precisely reproducibl
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rom one experiment to the next. Variations in pressure of as 
nuch as 100 bar had a negligible effect on absorbance readings 
ind therefore it was feasible to maintain the pressure at just 
ibove the saturation vapour pressure of water.
Measurements made in a similar way on the o-phenan- 
hrolium ion at 25,100,150, 200 and 250°C indicated that the 
evel of reproducibility can be maintained over a wide range 
>f temperature. These measurements will be described and 
liscussed elsewhere.
For the purpose of making qualitative measurements of 
pectra over a wider range of temperature and pressure the 
nternal cell was removed and solutions were admitted directly 
o the main cell via V3. A range of optical path lengths 
letween 0-80 and 2-40 cm was facilitated by use of compound 
/indow assemblies (Ceramel Ltd) in place of the quartz 
/indows. Each assembly consisted of a gold-plated titanium 
lount of the same overall dimensions as the quartz windows 
nd of internal diameter 1 -75 cm, a sapphire disc 0-62 cm 
hick brazed either centrally or close to one end in the mount 
nd a number of loose sapphire inserts 0-10 cm thick and 
•75 cm in diameter. This construction was designed to 
revent casual damage to the sapphire disc and to form a 
imple pressure-tight seal at the window surface. The inserts 
e^re used in a similar way to that described by Giggenbach 
1971).
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